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PREFACE 


The  prograss  in  tha  study  of  Pilot  Warning  Instruments  (PWI)  on 
Contract  No.  DOT-FA-70WA-2263  has  baan  pub 1 1  shad  in  thraa  saparate 
raports.  This  report  combines  tha  thraa  reports  for  ready  reference 
in  tha  following  order: 


I.  Preliminary  PWI  Specifications*  December  1971  by  J.  F.  Lyons. 

II*  Threat  Logic  and  alarm  Rates  In  PWI  and  CAS  Equipment,  Part  I, 
December  1970  by  V.  Mangulls  and  W,  Graham. 

Ill,  Threat  Logic  and  Alarm  Rates  In  PWI  and  CAS  Equipment,  Part  II, 
Hay  l,  1971  by  V*  Mangulls  and  W.  Graham. 

Original  pagination  of  tha  raports  has  baan  retained. 
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SECTION  I 
INTRODUCTION 


1.1  BACKGROUND 

Under  FAA  Contract  Number  DOT  F A 70 W A- 2 26 3,  Control 
Data  Corporation  is  currently  studying  the  PWI  problem  with 
the  objectives  of  developing  a  family  of  definitive  PWI  per¬ 
formance  specifications,  and  assessing  the  effectiveness  of 
each  hypothetical  PWI  in  a  range  of  threat  environments. 
Underlying  these  program  objectives  are  the  recently  published 
results  of  Graham  and  Orr*  which  Indicate  that  the  failure  of 
the  "see  and  avoid”  doctrine  can  be  attributed  almost  solely 
to  the  failure  to  see.  Consistent  with  this  result,  the  in¬ 
troduction  of  a  PWI  to  assist  the  pilot  in  "seeing”  could 
lead  to  an  order  of  magnitude  reduction  in  the  probability  of 
mid-air  collisions.  Here,  we  use  PWI  according  to  the  accepted 
definition,  which  excludes  the  computation,  indication,  and  com¬ 
mand  of  avoidance  maneuvers. 

The  planned  program  for  the  specification  and  assess¬ 
ment  of  a  family  of  PWl*s  has  been  sub-divided  into  four  major 
tasks;  (a)  development  of  PWI  specifications  for  simulation  and 
industry  review,  (b)  extensive  simulation  experiments,  (c)  def¬ 
inition  of  traffic  models  and  threat  environments,  and  (d)  an 
extensive  program  for  the  preparation,  distribution,  collection, 
and  analysis  of  pilot  and  tower  (personnel)  questionnaires. 

1.2  RATIONALE  BEHIND  GENERATION  OF  PWI  SPECIFICATIONS 

We  have  made  a  primary  classification  of  PWI  systems 
in  accordance  with  derived  data;  i.e,,  the  measured  (or  communi- 

•W,  Graham  and  R*  H.  Orr  "Separation  of  Air  Traffic  by  Visual 
Means:  An  Estimate  of  the  Effectiveness  of  the  See-and-Avoid 
Doctrine,"  Proceedings  of  the  IEEE,  Vol.  58,  No.  3,  March.  1970, 
••Pilot  Warning  Instrument. 
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cated)  relative  positional  data  which  a  PWI  system  provides  at 
its  output,  prior  to  display*  Secondary  classifications  are 
based  upon:  (a)  the  spatial  coverage  provided  in  each  aircraft 
of  a  PWI  pair,  (b)  the  wavelength  at  which  the  PWI  is  designed 
to  operate,  and  (c)  major  system  and  equipment  performance  fea¬ 
tures.  Operating  wavelengths  assume  considerable  importance 
when  one  considers  the  effects  of  wavelength  on  propagation  and 
background  noise*  In  a  like  manner,  one  cannot  properly  assess 
the  effectiveness  of  a  hypothetical  PWI  without  defining  specific 
design  features  such  as  sampling  rates,  false  alarm  rates  and  the 
capacity  to  resolve  multiple  targets* 

Within  each  of  these  four  broad  classifications  there 
are  sub-classifications  and  a  range  of  parameter  values.  Clearly, 
there  are  practical  constraints  that  limit  the  scope  of  the  sim¬ 
ulation  to  but  a  small  fraction  of  the  possible  combinations* 

In  this  document,  we  present  the  rationale  for  the  selection  of 
particular  parameter  values,  and  for  the  elimination  of  thoee 
combinations  which  are  of  secondary  interest* 

Several  factors  have  influenced  the  iorm  and  content 
of  these  preliminary  PWI  specifications  and  these  should  be  kept 
in  mind.  First,  we  have  attempted  to  represent  the  probable  func¬ 
tional  performance  of  PWI  systems  based  on  various  proposed  princi¬ 
ples  but  we  have  not  attempted  to  faithfully  represent  any  partic¬ 
ular  PWI  system  proposed  by  a  particular  manufacturer.  Second, 
we  have  been  optimistic  about  the  characteristics  and  tolerances 
of  hardware  components  on  the  assumption  that  the  market  for  a 
successful  PWI  system  will  warrant  the  required  development,  third, 
we  have  assumed  that  suitable  displays  will  be  provided  for  each 
system  to  be  tested  by  simulation.  Fourth,  we  are  trying  to  assess 
only  the  benefit  to  be  derived  by  implementing  various  PWI  systems; 
we  are  not  concerned  here  with  the  cost  of  these  systems  and  the 
subsequent  cost/benefit  analysis. 


In  Section  II,  we  present  and  discuss  the  parameters 
and  parameter  values  which  have  been  considered  in  the  classi¬ 
fication  and  specification  of  PWI  systems.  In  Section  III, 
preliminary  specifications  are  presented  for  hypothetical  PWI 
systems  in  terms  of  the  parameters  and  parameter  values  pre¬ 
sented  in  Section  II,  Section  IV  presents  a  brief  discussion 
of  the  planned  design  of  the  simulation  experiments,  with  some 
elaboration  on  propagation  losses,  background  noise,  and  prob¬ 
abilities  of  detection  as  a  function  of  range,  altitude,  and 
the  environment. 


SECTION  II 

PWI  SYSTEMS :  PERFORMANCE  PARAMETERS,  PARAMETER  VALUES,  AND 

CLASSIFICATION 


2.1  GENERAL 

Tables  1  through  4  present  the  performance  parameters 
which  are  being  employed  in  the  classification  of  hypothetical 
PWI  systems.  A  primary  classification  of  PWI  systems  is  based 
on  derived  data;  i.e.,  the  positional  and  rate  ol  change  of  position  data 
which  are  derived  by  the  system  and  made  available  as  an  output 
for  display*  Table  1  lists  the  derived  data  parameters  being 
considered  and  the  selection  of  parameter  values  for  simulation 
experiments.  Secondary  PWI  system  classifications  are  based  on 
spatial  antenna  coverage,  operating  wavelength,  and  system  ?nd 
hardware  design  characteristics;  the  selected  parameters  anc 
parameter  values  for  these  secondary  classifications  are  pre¬ 
sented  in  Tables  2  through  4,  respectively. 

The  following  paragraphs  present  the  rationale  £o- 
the  selection  of  particular  parameters  and  parameter  values* 

In  Section  III  we  Indicate  the  parameters  and  parameter  values 
which  we  have  selected  for  preliminary  PWI  specifications. 

Section  IV  presents  background  data  on  the  simulation  experi¬ 
ments  ,  detection  characteristics,  and  propagation  losses. 

2.2  DERIVED  DATA 

Consistent  with  Table  I,  the  parameters  employed  in 
this  primary  classification  are  range,  range-rate,  bearing, 
bearing-rate ,  altitude  difference  and  elevation  angle.  Rnnge- 
rate  and  bearing-rate  have  been  included  to  allow  for  additional 
filtering  of  output  data  based  on  hasard  evaluation. 

2.2.1  Range  Data 

Every  PWI  system  derives  range  data  In  the  sense  that 
there  Is  a  characteristic  probability  of  detection  which  approaches 
unity  at  some  close  range  and  approaches  aero  at  some  more  distant 
range.  Many  important  PWI  systems  depend  upon  this  detection  pro- 
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cess  for  range  discrimination  and,  in  the  usual  sense,  make  no 
range  measurement.  In  Table  1,  this  case  has  been  indicated 
by  a  probability  of  detection  (Pqet)  function  versus  range  (R). 

While  the  simple  probability  of  detection  function 
can  be  likened  to  coarse  and  statistical  range-gating,  there 
are  systems  in  which  precise  range-gating  is  achieved  by  set¬ 
ting  limits  on  the  round-trip  propagation  time.  In  practical 
systems,  the  difference  in  performance  could  be  dramatic. 

Whereas  substantial  changes  in  received  signal  levels  (due  to 
antenna  nulls,  e.g.Jwould  have  little  or  no  effect  on  the  pre¬ 
cise  range-gate,  the  range  corresponding  to  a  given  probability 
of  detection  in  the  crude  system  could  change  tbree-to-one  for 
a  ien-to-one  change  in  signal  leyel.  Table  1  indicates  the  pre¬ 
cise  range-gate  as  another  type  of  range  data  derivation* 

In  systems  which  measure  range,  we  specify  the  PWI  in 
terms  of  measurement  accuracy.  Pour  range  accuracies  have  been 
selected  for  the  simulation  experiments.*  The  poorest  accuracy, 
one  mile,  is  probably  of  limited  value.  At  the  opposite  extreme, 
an  accuracy  of  40  feet  probably  exceeds  the  maximum  useful  dis¬ 
play  accuracy,  as  well  as  the  pilots  ability  to  visually  esti¬ 
mate  range.  Between  these  extremes  range  accuracies  of  1000 
feet  and  200  feet  have  bean  selected. 

2.2,2  Range-Pate  Data 

In  the  usual  PWI  concept,  range-rate  is  seldom  selected 
for  measurement  or  calculation.  It  has  been  included  here  because 
it  is  of  interest  to  determine  the  change  in  PWI  effectiveness 
with  this  additional  filtering  of  targets.  Three  measurement  ac¬ 
curacies  have  been  selected  as  representative  of  too  poor,  typical 
and  practical,  and  better  than  useful. 

2.?  3  Bearing  Data  # 

In  Table  1  we  have  made  a  distinction  between  sector  and 
continuous  bearing  measurements.  In  the  former  case,  one  employs 
a  multiplicity  of  detection  channels,  each  having  a  fixed  field- 
of-view  with  respect  to  the  airframe.  In  the  latter  case,  one 

**»  **"  *“•  —  ——  mjf  mrm  ««•  --•*  . - 

*  Of  course,  range  may  not  be  displayed  at  all,  though  measured. 
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employs  a  rotating  directional  antenna  or  a  multiplicity  of 
non-directionai  antennas.  Relative  phase  measurements  suffice 
to  extract  bearing  information  with  a  plurality  of  antennas. 

Sector  widths  of  90,  30,  and  10  degrees  have  been 
selected  for  simulation  experiments.  With  360  degrees  of 
azimuthal  coverage,  the  corresponding  number  of  sectors  is  4, 

12,  and  36,  respectively.  We  believe  this  range  of  sector 
widths  is  representative  of  practical  and  economical  ?r4I  sys¬ 
tem  designs. 

In  the  case  of  continuous  bearing  measurements,  a 
range  of  accuracies  from  30  degrees  to  1  degree  have  been  se¬ 
lected.  ~ We  have  specified  the  bearing  resolution* to  be  equal 
to  the  measurement  accuracy.  This  is  one  of  the  many  compro¬ 
mises  that  must  be  mac's  to  limit  the  scope  of  the  simulation 
experiments.  We  fully  recognize  that  most  system  designs 
ac'"  leve  bearing  measurement  accuracies  which  exceed  the  bear- 
tv  '  resolution  by  an  increasing  margin  with  increasing  signal- 
to-noise  ratio:  or,  in  contrast,  that  some  system  designs  achieve 
bearing  resolutions  exceeding  bearing  measurement  accuracies 
through  the  expoitation  of  time  and  frequency  mu] tiplexing. 

2.2.4  Bearing-Rate-Data 

As  indicated  in  Table  1,  we  have  selected,  for  simula¬ 
tion,  bearing-rate  measurement  accuracies  of  2,  0.5,  and  0.1  de¬ 
grees/second.  The  poorest  accuracy  is  of  little  value  in  hazard 
discrimination,  whereas  the  best  selected  accuracy  probably  ex¬ 
ceeds  that  which  can  be  practically  and  economically  achieved. 

2.2.5  Altitude  Difference  Data 

The  determination  by  the  PWI  of  altitude  difference,  based 
on  barometric  data,  has  been  specified  by  the  width  of  the  altitude 
filter  used  in  the  PWI.  The  width  of  the  filter  must  make  allow¬ 
ances  for  inaccuracies  in  the  altimeters  and  in  the  telemetering  of 
the  data. 

2.2.6  Elevation  Angle  Data 

Elevation  angle  measurements  have  been  specified,  as 

J*Th<r  smallest  difference  in  bearing  angle  between  two  targets  at 
which  they  can  be  resolved. 
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with  bearing  angle  measurements,  according  to  type  and  accuracy. 
The  discussion  under  bearing  angle  measurements  also  applies  hare. 
A  special  case  with  elevation  angle  measurements  is  the  simple 
determination  of  above,  below,  or  same  altitude.  This  case  arises 
from  the  use  of  separate  topside  and  bottomside  antennas,  where 
near-equal  signal  strengths  indicate  the  same  altitude. 

2.3  GROSS  SPATIAL  ANTEWNA/LENS  COVERAGE 

The  gross  spatial  coverage  of  the  antenna/lens  design 
is  an  important  secondary  aspect  of  PWI  systems  that  we  have  se¬ 
lected  as  a  classification  parameter.  The  infinity  of  possibil¬ 
ities  make  this  a  particularly  difficult  area.  For  the  purpose 
of  simulation  we  will  restrict  our  consideration  to  the  9  gross 
coverages  indicated  for  both  aircraft  in  Table  2.  We  believe 
this  selection  is  sufficient  to  assess  the  sensitivity  of  PWI 
effectiveness  to  gross  spatial  coverage. 

In  Table  2,  the  indicated  fields-of-view  apply  to  the 
nominal  beamwidth  (3  db).  An  amplitude  response  typical  of  anten- 
Baa  at  the  particular  operating  wavelength  will  be  assumed 
outside  the  nominal  beamwidtho  Representative  amplitude  responses 
miqht  be  gausslan,  sin  x/x,  and  cosine. 

Fine-grain  structure  in  antenna  responses  will  be  as¬ 
sessed  by  selecting  specific  simulation  runs  and  threat  environ¬ 
ments  that  illuminate  potential  problems  for  the  particular  hypo¬ 
thetical  system  under  evaluation. 

2.4  OPERATING  WAVELENGTH 

All  other  specifications  being  equal,  the  operating 
wavelength  of  a  PWI  system  can  markedly  influence  the  effective¬ 
ness  of  that  system.  Consequently,  we  have  selected  the  opera¬ 
ting  wavelength  as  a  secondary  means  of  PWI  system  classification. 
Propagation  and  background  noise  vary  widely  with  wavelength  and 
both  can  have  substantial  effects  on  system  performance.  To  as¬ 
sess  these  effects  on  PWI  performance,  we  have  characterized 
three  significantly  different  regions  of  the  spectrum;  low  micro- 
wave  frequencies  in  the  vicinity  of  1500  MHz,  millimeter  wave- 
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lengths  In  the  vicinity  of  55  GHz,  and  IR  In  the  vicinity  of 
0.9  tsicrons.  Table  3  indicates  the  propagation  and  background 
effects  to  be  taken  into  account  in  the  simulation  experiments 
in  each  case. 

At  low  microwave  frequencies,  the  propagation  loss 
is  limited  to  a  l/R^  spreading  loss,  and  background  effects  are 
not  significant.  Furthermore,  precipitation  does  not  introduce 
significant  atmospheric  attenuation,  particularly  with  the  rel¬ 
atively  short  ranges  of  interest  for  PWI  systems. 

In  the  region  of  55  GHz,  propagation  exhibits  addi¬ 
tional  attenuation  due  to  oxygen  absorption  and  precipitation. 
Except  in  the  case  of  very  heavy  precipitation,  the  oxygen 
absorption  is  the  predominate  source  of  atmospheric  attenuation. 
Background  effects  in  this  frequency  range  are  not  sufficiently 
significant  to  warrant  simulation. 

In  the  IR  region,  the  propagation  loss  is  a  sensitive 
function  of  the  state  of  the  atmosphere.  Fortunately,  the  ef¬ 
fects  on  visible  propagation  are  similar  to  those  at  IR  wave¬ 
lengths  and,  knowing  the  visiv  lity,  one  can  conveniently  esti¬ 
mate  the  IR  attenuation.  At  IR  wavelengths,  background  noise 
is  critically  Important.  External  background  noise  exceeds  the 
level  of  noise  which  is  generated  within  IR  systems  and  practi¬ 
cal  equipments  exhibit  performance  which  is  a  sensitive  function 
of  background.  Background  noise  varies  widely  as  bright  clouds, 
blue  sky,  and  the  sun  pass  through  the  IR  field-of-view.* 

2.5  SYSTEM  AND  EQUIPMENT  DESIGN  CHARACTERISTICS 

Table  4  summarizes  the  parameters  and  parameter  values 
selected  for  a  secondary  classification  of  PWI  systems  according 
to  design  characteristics.  We  have  attempted  to  focus  on  those 
characteristics  which  bear  most  heavily  on  PWI  effectiveness. 

One  should  recall  that  the  complete  range  of  parameter  values 
will  not  be  simulated  for  every  specified  hypothetical  PWI 
system.  Section  III  indicates  the  range  of  parameter  values 

******  *—***  ■■■*■•  Wm  «•»«■»  mva  am 

•  As  indicated  in  Table  3,  the  representation  of  background 
noise  in  the  simulation  will  be  restricted  to  the  saturation 
effects  in  the  vicinity  of  the  sun. 
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that  will  be  simulated  for  specified  systems, 

2.5.1  Tolerance  in  Power  Budget 

In  the  design  of  a  typical  system,  one  usually  se¬ 
lects  a  combination  of  component  characteristics  and  specifi¬ 
cations  that  yield  some  nominal  operating  range  under  a  set 
of  nominal  conditions.  These  conditions  might  include  light 
rain,  an  average  antenna  gain,  and  nominal  transmitter  power. 
Deviations  from  the  assumed  nominal  conditions  'e.g.,  geom¬ 
etry  corresponding  to  an  antenna  null)  have  the  effect  of  in¬ 
creasing  or  decreasing  the  detection  range.  In  systems  which 
do  not  measure  range,  the  possible  wide  variation  in  detection 
range  can  significantly  effect  PW1  effectiveness.  This  area 
will  be  explored  in  the  simulation  through  the  introduction  of 
a  power  budget  tolerance  with  the  parameter  values  indicated 
in  Table  4. 

In  contrast  to  the  nominal  design  approach,  one  often 
designs  a  system  to  guarantee  some  minimum  detection  range  under 
so-called  "worst-case"  conditions.  With  this  approach,  one  is 
specifying  the  lower  limit  of  the  tolerance  in  the  power  budget. 
For  the  simulation  experiments,  this  rase  will  be  accomodated 
by  selecting  a  nominal  range  so  that  the  guaranteed  range  corres¬ 
ponds  to  the  lower  limit  of  the  selected  tolerance  range. 

2.5.2  Detection  Range 

In  Table  4,  we  have  selected  nominal  detection  ranges 
from  one  (1)  to  twenty  (20)  miles.  Further  we  have  allowed  for 
detection  characteristics  corresponding  to  single  pulse  detec¬ 
tion  and  two-of-two  detection*  Here  we  are  more  concerned  with 
the  real-time  detection  characteristics,  from  sample-to-sample, 
than  the  cumulative  probability  of  detection.  Probability  of 
detection  characteristics  are  presented  in  Section  IV. 

Table  4  indicates  the  false  alarm  intervals  of  inter¬ 
est  for  the  simulation  experiments.  At  one  extreme,  there  are 
no  false  alarms:  at  the  opposite  extreme,  the  false  alarm  inter¬ 
val  equals  one  second.  Here,  the  false  alarm  Interval  applies 

*  three  consecutive  detections  may  be  required  (certain  IR  systems) 
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to  the  average  time  interval  between  successive  false  alarms 
in  any  resolution  element  of  the  display.  With  X  resolution 
elements  in  the  display,  the  average  time  interval  between 
successive  false  alarms  in  the  same  resolution  element  would 
be  X  times  the  value  indicated  in  Table  4. 

We  anticipate  that  excessive  false  alarm  rates  will 
substantially  undermine  pilot  confidence  and  be  manifest  in 
poor  PWI  effectiveness. • 

2.5.4  Sampling  Intervals  and  Processing  Delays 

Sampling  intervals  and  processing  delays  have  been 
selected  as  simulation  parameters  because  inadequacy  in  these 
areas  can  lead  to  problems  in  multiple  target  resolution  and 
*.  tracking.  Both  lead  to  a  time  lag  between  data  derivation 
and  data  display. 

As  an  example  of  a  problem  that  one  might  anticipate, 
consider  one  aircraft  passing  tangentially  to  another  aircraft 
at  a  range  of  3000  feet  and  with  a  relative  velocity  of  200 
knots.  In  this  case  the  peak  instantaneous  rate  of  change  of 
bearing  would  be  about  6  degrees /second.  Clearly,  without  spe¬ 
cial  logic,  those  systems  with  a  sampling  rate  of  1/second,  two- 
of-two  successive  pulse  decoders,  and  a  bearing  resolution  of 
less  than  3  degrees  would  have  a  problem.  Furthermore,  the 
example  is  hardly  an  extreme  case. 

In  the  same  example,  excessive  processing  delay  could 
result  in  a  display  presentation  that  Indicated  target  positions 
which  were  several  degrees  in  error « 

With  sector  location  schemes,  the  problems  of  this 
nature  that  might  arise  are  probably  less  severe,  but  there 
are  still  problems  in  the  vicinity  of  sector  boundaries. 


As  one  attempts  to  track  targets  which  traverse  re¬ 
solution  elements  in  less  than  the  sampling  interval,  there  are 
problems  that  arise  with  multiple  target  discrimination. 

ww  mmtm  mtmm  mmmm  ww  mtmm  <mnmm  ww  wmm  wm  w«*  «wte  immm  «m m* 

Nonetheless,  it  is  comforting  to  recall  that  a  slight  increase 
in  threshold  levels  can  increase  false  alarm  Intervals  by  orders 
of  magnitude  with  only  a  nominal  decrease  in  operating  range. 
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2.5.5 


Multiple  Target  Discrimination 
The  ability  to  resolve  and  discriminate  between 
multiple  targets  will  be  specified  according  to  one  of  four 
possibilities:  (a)  no  multiple  target  discrimination;  (b)  dis¬ 
crimination  between  targets  in  different  system  resolution  ele¬ 
ments;  (c)  discrimination  between  targets  in  different  resolu¬ 
tion  elements  and  among  N  targets  in  a  common  resolution  ele¬ 
ment;  and  (d)  resolution  of  all  multiple  targets.  Table  4 
reflects  this  classification. 

2.5.6  Angle  Tracking  Capability 

Table  4  lists  a  range  of  angle  tracking  capabilities 
that  have  been  considered  for  the  simulation  experiments. 

Earlier  discussions  indicated  the  significance  of  this  perfor¬ 
mance  specification. 

2.5.7  Operational  Controls 

For  the  purpose  of  the  simulation  experiments,  we 
have  made  provision  for  the  inclusion  of  a  range  selection  con¬ 
trol  and  a  threshold  level  setting  control.  A  range  selector 
might  be  employed  with  proximity-warning  systems  which  indicate 
the  intrusion  of  another  aircraft  into  a  protective  volume  (e.g. 
sphere  or  a  sphere  truncated  by  altitude  difference) ;  to  be  use¬ 
ful,  the  range  must  be  accurate,  such  as  can  be  measure*  by 
observation  of  round-trip  propagation  delay. 

A  threshold  level  set  control  would  be  employed  to 
reduce  detection  range  in  high  traffic  environments,  or  to  re¬ 
duce  false  alarms  with  increasing  background  noise  levels.  In 
IR  systems,  the  problems  with  background  noise  may  demand  such 
a  control  until  substantially  brighter  sources  become  available. 

2.5.8  Other 

Several  footnotes  to  Table  4  indicate  the  reasoning 
applicable  to  memory,  bruiting,  mutual  interference,  multipath, 
and  antenna  or  lens  stabilisation. 


SECTION  III 

PRELIMINARY  HYPOTHETICAL  PWI  SPECIFICATIONS 


2.1  GENERAL 

The  pages  of  this  section  present  preliminary  spec¬ 
ifications  for  seven  hypothetical  PWI  systems.  These  specifica¬ 
tions  are  preliminary  in  that  they  are  subject  to  modification. 
Also,  the  list  of  seven  selected  systems  is  subject  to  additions 
and  deletions. 

We  are  hopeful  that  an  industry  review  of  these  spec¬ 
ifications  will  highlight  the  errors,  shortcomings,  and  important 
omissions.  In  the  final  selection  of  candidate  PWI's  for  sim¬ 
ulation,  we  will  attempt  to  focus  on  the  most  important  systems 
within  the  limits  of  available  simulation  time. 

2.2  SPECIFIC 

The  following  pages  present  preliminary  specifications, 
for  seven  PWI  systems.  The  rationale  for  the  selection  of  par¬ 
ticular  parameters  and  parameter  values  was  presented  in  Section 
II. 
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PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  I 


A.  .  BRIEF  DESCRIPTION 

PWI  I  detects  all  aircraft  which  Intrude  into  a  roughly 
spherical  protective  volume  centered  on  own  aircraft.  This  sys¬ 
tem  provides  an  output  indication  that  one  or  more  aircraft  are 
within  this  protective  volume  and  whether  it  is  above ,  below,  or 
at  the  same  altitude.  Range-gating  to  define  this  volume  depends 
solely  upon  a  statistical  probability  of  detection. 


B.  PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range: 

(a)  Not  measured 

(b)  Poet  versus  R 

(2)  R ange-r ate :  ————————— — - none 

( 3)  Bearing : - — — — - -none 

( 4 )  Bearing-rate : - - - none 

(5)  Altitude  difference:' — - — - - - — none 

(6)  Elevation  angle :  — — — — -—above ,  below,  or 

same  altitude 
* (referred  to  air 
frame) 


C.  SPATIAL  COVERAGE 

(1)  Aircraft  number  1: 

( a)  Bearing;-— ————— —————360° 

( b )  Elevat  ion :  —^60° 

(2)  Aircraft  number  2; 

(a)  Bear ing ;  -————360^ 

(b)  Elevation:— ——————— —3,60° 


0,  OPERATING  WAVELENGTH 

In  the  simulation  experiments  we  will  examine  the  per¬ 
formance  of  this  system  at  all  three  wavelengths  of  interest. 

(1)  Microwave: 


(a)  Propagation:' 

(b)  Background:' 


-1/R‘ 
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(2)  Millimeter  (55GHz): 

(a)  Propagation: - 1/R  +  cc ,  where 

is  a  function  of 
altitude  and  pre¬ 
cipitation 

( b )  Background :  -- — - - - N A 

(3)  IR: 

(a)  Propagation: — - - — — 1/R2  +#+  scint¬ 

illation;^  is  a 
function  of  vis¬ 
ibility,  and  scint¬ 
illation  will  be 
taken  account  of 
in  the  power  tol¬ 
erance 

(b)  Background:— ——————————to  be  disregarded 

with  this  hypo¬ 
thetical  PWI 

£•  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  runs  will  be  planned  to  examine  the  perfor¬ 
mance  of  this  system  for  the  indicated  range  of  parameter  values. 


(1)  Tolerance  in  power  budget :  5db  and  -lOdb 

♦lOdb  and  -20db 

(2)  Detection  range: 

(a)  Range  R0,  for  PDS7  equal  0*99— -10,  4,  and  2  miles 
(to)  Decoding  logic: - — — PDET*  PD£T  TR 

(3)  False  alarm  inter val : — - — -infinite 

(4)  Sampling  intervals  and  processing  delays: 

(a)  Sampling  interval:——— - — — i  second 

(b)  Processing  delay:— ———none 

(5)  Multiple  target  discrimination:— —none 

(6)  Angle  tracking  capability:—— - — NA 

(7)  Operational  controls:— ——-Sensitivity  con¬ 

trol  with  IR 
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PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  II 


A.  BRIEF  DESCRIPTION 

PWI  II  detects  all  aircraft  which  intrude  into  a  pre¬ 
cisely  defined  spherical  protective  volume  centered  on  own  air¬ 
craft.  This  system  indicates  the  presence  of  an  intruder  with¬ 
in  a  selected  range  and  further  indicates  whether  the  intruder 
is  above,  below,  or  at  the  same  altitude.  Range-gating  is  based 
upon  an  observation  of  round-trip  propagation  time,  and  the  sys¬ 
tem  does  not  indicate  multiple  targets.  The  system  specification 
is  idealistic  in  the  sense  that  performance  is  guaranteed  through¬ 
out  the  full  range  of  tolerance  levels. 


B. 


PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range: 

(a)  Precise  range-gate 

(b)  R"5s  Rq  ;  Poex  ■  1  &nd  ^OET  *  0 

(2)  Ranqe-rate:— — — — — ——none 

( 3  >  Bearing :  —————— ———————none 

(4)  Bearing-rate:— 

(5)  Altitude  difference t  —————none 

(6)  Elevation  angle: -------------------------above,  below,  or 

same  altitude 
(referred  to  air¬ 
frame) 


C.  SPATIAL  COVERAGE 

<1)  Aircraft  number  1: 

(a)  Searing : — — ——  — 360^ 

(b)  Elevation: - — * - — - - — - -±€0° 

(2)  Aircraft  number  2: 

( a)  Bearing:— — - — — - - - 360° 

(b)  Elevation: - — - - ^60° 


0.  OPERATING  WAVELENGTH 

With  the  system  as  specified,  the  differences  in  prop¬ 
agation  and  background  noise  will  have  no  effects  on  PWI  perfor- 


raance.  Consequent!* ,  to  the  extent  that  it  is  practical  to 
meet  the  indicated  specifications,  the  results  of  t-he  simula¬ 
tion  are  applicable  to  all  wavelengths. 

E.  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  runs  will  be  planned  to  examine  the  per¬ 
formance  of  this  system  for  the  indicated  range  of  parameter 
values. 

(1)  Tolerance  in  power  budget: - - — NA 

(2)  Detection  range:———— - — — selected  by 

operator 

(3)  False  alarm  interval;—— — - - - infinite 

(4)  Sae.<pling  intervals  and  processing  delay: 

Sampling  interval:———— - — 1  second 

(b)  Processing  delay: - - —none 

(5)  Multiple  target  discrimination: - none 

(6)  Angle  tracking  capability:—— - NA 

(7)  Operational  controls: 

(a)  Range  selector: - — - 1,  2,  3,  miles 
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PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  III 


A.  BRIEF  DESCRIPTION 

PWI  III  detects  all  aircraft  which  intrude  into  a  pre¬ 
cisely-defined  spherical  volume  which  is  centered  on  own  aircraft 
and  truncated  in  altitude..  This  system  indicates  the  presence  of 
intruders  which  are  within  both  altitude  and  range  proximity.  A 
range  selector  is  provided  and  range-gating  is  bajed  upon  an  obser¬ 
vation  of  round-trip  propagation  time.  The  system  does  not  indi¬ 
cate  multiple  targets. 

This  system  is  similar  to  PWI  II j  it  differs  from  PWI 
IT  only  in  that  altitude  filtering  has  been  added.  As  in  the  case 
of  PWI  II,  the  system  specification  is  idealistic  in  the  sense  that 
performance  is  guaranteed  throughout  the  full  range  of  tolerance 
levels. 

B»  PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range; 

(a)  Precise  range-gate 

(b)  R2s  RQ;  PDET  *  1  and  R>R0;  PDET  =  0 


( 2 )  R  ange-r  at  e ;  - - - - - - - none 

( 3 )  Bearing :  — - - - > - - - none 

(4)  Bearing-rate: - — - - - none 

(5)  Altitude  difference; - — - - ±  1000  feet 


a  500  feet 

(6)  Elevation  angle:————— — _ none 

C.  SPATIAL  COVERAGE 

(1)  Aircraft  number  1: 

(  a)  Bearing :  - — — — — — — — _ _ 360° 

( b )  El  e  vat  ion : - ±60° 

(2)  Aircraft  number  2: 

( a)  Bearing : - - - - - - - - - -3500 

( b )  Elevation : _ _ _ — _ -+60° 
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D. 


OPERATING  WAVELENGTH 


With  the  system  as  specified)  the  differences  in 
propagation  and  background  noise  will  have  no  effects  on  PWI 
performance.  Consequently,  the  results  of  the  simulation  are 
applicable  to  all  wavelengths,  to  the  extent  that  it  is  practical 
to  meet  the  indicated  specifications. 

E.  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  runs  will  be  planned  to  examine  the  per¬ 
formance  of  this  system  for  the  indicated  range  of  parameter 
values. 

(1)  Tolerance  in  power  budgets - • — NA 

(2)  Detection  range: — ■» — - — — - - - - selected  by 

operator 

(3)  False  alarm  interval : - - - - - - — infinite 

(4)  Sampling  intervals  and  processing  delay: 

(a)  Sampling  interval : - - - 1  second 

(b)  Processing  delay: - - - - — none 

(5)  Multiple  target  discrimination: - none 

(6)  Angle  tracking  capability:-- — - — - -NA 

(7)  Operational  controls: 

(a)  Range  selector:———— - 


— 1,  2,  3  miles 


PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  IV 


A.  BRIEF  DESCRIPTION 

PWI  IV  detects  all  aircraft  which  intrude  into  a 
roughly  spherical  volume  centered  on  own  aircraft.  Range¬ 
gating  to  define  this  volume  depends  solely  upon  a  statistical 
probability  of  detection.  In  addition  to  the  detection  and 
indication  of  intruders,  this  system  measures  bearing  and  re¬ 
solves  multiple  targets  not  in  the  same  bearing  resolution 
element.  Neither  altitude  difference  nor  elevation  angle  are 
measured;  the  system  does,  however,  indicate  above,  below,  or 
the  same  altitude. 

B.  PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 


(1)  Range: 

(a)  Not  measured 

(b)  PpET  v«rsus  R 

( 2 )  Range-rate :  ————————————none 

(3)  Bearing: 

(a)  Sectors:— - - - - — - - 90°, 30°,  and  10° 

(b)  Resolution  and  Accuracy: - — - — -5°  and  2° 

(4)  Bearing  rate:——— — - — — — —none 

(5)  Altitude  differences———— — - — none 

(6)  Elevation  angle: - - - — - — - - — —above ,  below,  or 

same  altitude 
(referred  to  air¬ 
frame) 


- 360°  and  180° 

- ±30°  and  *10°  for  IR 

- —360° 

- jj30° 


C.  SPATIAL  COVERAGE 

(1)  Aircraft  number  1: 

(a)  Bearing:——— 

(b)  Elevation :  — — 

(2)  Aircraft  number  2: 

(a)  Bearing:—— 

(b)  Elevation : - 


D.  OPERATING  WAVELENGTH 

In  the  simulation  experiments  we  will  examine  the 
performance  of  this  system  at  all  three  wavelengths  of  inter¬ 
est. 

(1)  Microwave: 

(a)  Propagation: — - - - - 1/r2 

(b)  Background : — - — - ^ 

(2)  Millimeter  <55GHz): 

(a)  Propagation: - 1/R2  +0(^  where 

«>cis  a  function 
of  altitude  and 
precipitation 

( b )  Background :  — — - — - *— NA 

(3)  IR: 

(a)  Propagation: - l/R2  w+  scint¬ 

illation;**  is  a 
function  of  visi¬ 
bility,  and  scint¬ 
illation  will  be 
taken  account  of 
in  the  power  toler¬ 
ance 

(b)  Background :  - - - - - a  function  of  bright¬ 

ness;  to  be  measured 
in  field-of-view 

E*  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  runs  will  be  planned  to  examine  the  perfor¬ 
mance  of  this  system  for  the  Indicated  range  of  parameter  values. 

(1)  Tolerance  in  power  budget: - +5db  and  -lOdb 

+10db  and  -20db 

(2)  Detection  range: 

(a)  Range,  Rot  for  PDET  equal  0.99: - 5,3,2,  and  1  miles 


(b)  Decoding  logic:  - - - ~Pf3ET;  PdET  for  IR 

(3)  False  alarm  interval: - infinite,  2  minutes 

(4)  Sampling  intervals  and  processing  delays: 

(a)  Sampling  intervals: - 0.3,  1.0,  and  3,0 


<b)  Processing  delay:———— _ _ 

(5)  Multiple  target  discrimination:— - 


seconds 

•none 


•one  per  bearing 
resolution  element 


-  25  - 


(6)  Angle  tracking  capability: - —none,  and  3°  per 

second 

(7)  Operational  controls :  ——————none ,  except  for 

threshold  level 
setting  with  IR 
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PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  V 


A.  BRIEF  DESCRIPTION 

PWI  V  detects  all  aircraft  which  intrude  into  a  re¬ 
gion  of  range  and  altitude  proximity.  Range-gating  depends 
upon  a  statistical  probability  of  detection  and  altitude  data. 
This  system  measures  and  indicates  the  relative  bearing  of  in¬ 
truder  aircraft,  and  resolves  multiple  aircraft  not  in  the  same 
bearing  resolution  element.  This  system  is  identical  to  PWI  IV 
except  that  the  indication  of  above/below/same  altitude  is  re¬ 
placed  by  precise  altitude  filtering. 


B.  PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range: 

(a)  Not  measured 

(b)  PDET  versus  R 

(2)  R ange-r ate : - — — - - - - none 

(3)  Bearing: 

(a)  Sectors :  ———————— — —————90° ,  30°,  10 

(b)  Resolution  and  accuracy: - 5°  and  2° 

(4)  Bearing-rate :  — - — - - - none 

(5)  Altitude  difference:— ————— — +1000  feet 

+  500  feet 


(6)  Elevation  angle:-— ——————none 

C.  SPATIAL  COVERAGE 

(1)  Aircraft  number  1: 

(a)  Bearing:— ——————360°  and  180° 

(b)  Elevation:--— ——————+30°  and  +10° 

(2)  Aircraft  number  2: 

( a)  Bearing :  —————— ——360° 

(b)  Elevation :  ———————  30° 

D.  OPERATING  WAVELENGTH 

In  the  simulation  experiments  we  will  examine  the  per* 
formance  of  this  system  at  all  three  wavelengths  of  interest. 

(1)  Microwave: 
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'Vr-^*  w^~  V  -m-r-1  ■*  ^  ... 


( a)  Propagation  s - « - . - i/r2 

( b  >  Background :  — - — . - >_ - - — — na 

(2)  Millimeter  (55GHz): 

.  <a>  Propagation: - - - 1/R2  +  «*,  where* 

is  a  function  of 
altitude  and  pre¬ 
cipitation 

(b)  B ackground : 

(3)  IR: 


(a)  Propagation: - - - - 1/r2  +  <*  +  scintil¬ 

lation;^  is  a  func¬ 
tion  of  visibility 
and  scintillation 
will  be  taken  ac¬ 
count  of  in  the 
power  tolerance 

(b)  Background : - - — - - « - - a  function  of  bright 

ness;  to  be  restrict 
ed  to  sun  saturation 

E.  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  runs  will  be  planned  to  examine  the  perfor¬ 
mance  of  this  system  for  the  indicated  range  of  parameter  values, 

(1)  Tolerance  in  power  budget : — - — +  5db  and  -lOdb 

+10db  and  -20db 

(2)  Detection  range: 


(a)  Range,  Rq,  for  PDET  equal  0.99: - 5,  3,  2,  and  1  miles 


2  '  PCET  for  IR 


(b)  Decoding  logic:— ————pr  * 

DET  * 

(3)  False  alarm  interval: - infinite,  2  minutes 

(4)  Sampling  intervals  and  processing  delays: 

(a)  Sampling  intervals: - 0.3,  1.0,  and  3.0 


(b)  Processing  delay:—— 
(5)  Multiple  target  discrimination:- 


seconds 
-none 


— —one  per  bearing  re¬ 
solution  element 

(6)  Angle  tracking  capability: - none,  and  3°/ second 

(7)  Operating  controls: - Sensitivity  control 

for  IR 
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PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  VI 


A.  BRIEF  DESCRIPTION 

PWI  VI  detects  all  aircraft  which  intrude  into  a 
region  of  range  and  altitude  proximity*  Precise  range-gating, 
based  upon  an  observation  or  propagation  time,  and  precise  al¬ 
titude  filtering,  based  upon  an  exchange  of  barometric  altitude 
data,  are  provided*  This  system  measures  and  indicates  the  re¬ 
lative  bearing  of  intruder  aircraft,  and  it  resolves  multiple 
targets  not  in  the  same  bearing  resolution  element*  This  sys¬ 
tem  is  identical  to  PWI  V  except  that  the  range-gating  is  pre¬ 
cise  rather  than  statistical* 


B. 


C. 


PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range: 

(a)  Precise  range-gate 

(b)  R-^RqJ  PDgip  .  1  81111  R>R0*  pdet  m  0 

( 2 )  R  ange-r at e :  - — — — - - - none 

(3)  Bearing: 

(a)  Sectors:— ————— —————30°  and  10° 

(b)  Resolution  and  Accuracy: - 5°  and  2° 

( 4)  Bearing-rate :  —————— — .—.none 

(5)  Altitude  difference:— —————— — — +1000  feet 

♦  500  feet 

♦  250  feet 

mt 

(6)  Elevation  angle:----—-—-—---—-- — - none 

SPATIAL  COVERAGE 

(1)  Aircraft  number  1: 

(a)  Bearing:————— — —360°  and  180° 

(b)  Elevat ion :  30°  and  +10° 

(2)  Aircraft  number  2: 

(a)  Bearing :  —————— — 360° 

(b)  Elevation:— —————— »30° 
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D. 


OPERATING  WAVELENGTH 


In  the  simulation  experiments  we  will  examine  the 
performance  of  this  system  at  microwave  and  millimeter  wave¬ 
lengths,.  The  specification  of  precise  range-gating  makes  IR 
approaches  unlikely  except  for  lasers  which  are  considered  as 
a  special-case. 

Propagation  losses  will  not  influence  the  results 
of  simulation  runs  with  the  PWI  and,  accordingly,  they  will 
not  be  simulated.  In  contrast,  although  background  effects 
will  not  be  simulated,  the  saturation  effect  of  the  sun  would 
influence  the  results  at  IR. 

£.  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  experiments  will  be  planned  to  examine 
the  performance  of  this  system  for  the  indicated  range  of  para¬ 
meter  values. 

(1)  Tolerance  in  power  budgets-— - - -+  5db  and  -IQdb 

♦10db  and  -20db 

(2)  Detection  range: - — —selected  by 

operator 

(3)  False  alarm  Interval :  — — — — — — - —infinite,  2  min¬ 

utes 

(4)  Sampling  intervals  and  processing  delays: 

ta)  Sampling  intervals:- — - - - , - o. 3 ,  l.o,  and 

3*0  seconds 

(b)  Processing  delay:— ——————none 

(5)  Multiple  target  discrimination: - one  per  bearing 

resolution  ele¬ 
ment 

(6)  Angle  tracking  capability: — > - - none,  and  3°/sec- 

ond 

(7)  Operating  control s : --————.Range  Selector: 

1,  2,  3.  4,  and 

S  miles 


PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  VII 


A.  BRIEF  DESCRIPTION 

PWI  VII  detects  all  aircraft  which  Intrude  into  a 
region  of  range  proximity.  This  system  measures  and  indicates 
the  relative  bearing  and  relative  elevation  and  it  resolves 
multiple  targets  which  are  not  within  a  common  bearing/elevation 
resolution  element.  The  range  and  relative  bearing  measurements 
are  sufficiently  precise  to  permit  derivation  of  range  and  bearing 
rates  which  can  be  used  to  reduce  the  number  of  alarms  on  non¬ 
threatening  targets. 

B.  PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range: 

(a)  Precise  range -gate 

(b)  RiRQ:  PDBT  **  1  and  R>R0:  PDKT  »  Q 

(2)  Range-rate:  - - - ~~  2C  feet  per  second 

200  feet  per  second 

(3)  Bearing: 

(a)  Sectors  — — — - - - -  30°  and  It/’ 

(b)  Resolution  and  Accuracy  .  SO  and 

(4)  Bearing-rate  -— . . . . —  1°  and  3°  per  sec. 

(5)  Altitude  difference  - - - -  none 

(6)  Elevation  angle - ■ -  above,  below,  or 

same  altitude 
(referred  to  air¬ 
frame) 

c'  SPATIAL  COVERAGE 

(1)  Aircraft  number  1: 

(a)  Bearing-—- - - - -  360°  fend  130° 

(b)  Elevation . . *  30°  and  -  10° 

(2)  Aircraft  number  2: 

(a)  Bearing . - . .  360° 

(b)  Elevation . —  ±  30° 

S>.  OPERATING  WAVELENGTH 

In  the  simulation  experiments  we  will  examine  the  pet- 
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formance  of  this  system  in  the  IR  spectral  region. 

(a)  Propagation - - 1/R2  +  *  +  scin¬ 

tillation;  is 
a  function  or  vis¬ 
ibility,  and  scin¬ 
tillation  will  be 
taken  account  of  in 
the  power  tolerance 

(b)  Background - - - - - due  to  direct  sun 

and  sun  illuminated 
clouds 


S.  SYSTEM  AND  EQUIPMENT  DESIGN  PARAMETERS 

Simulation  runs  will  be  p  tweed  to  examine  the  perfor¬ 
mance  of  this  system  for  the  indicated  range  of  parameter  values* 

(1)  Tolerance  in  power  budget:  — —  •---  +  5  db  and  -10  db 

•flQ  db  and  -20  db 

(2)  Detection  range:  selected  by  operator 

1,  2  or  3  miles 

(3)  False  alarm  interval:  - — -  infinite,  one  hour 

(4)  Sampling  interval  . .  3  seconds 

Processing  delay  . .  none 

(5)  Multiple  target  discrimination:-—  one  per  bearing 

resolution  element 

(6)  Angle  tracking  capability: . .  1°  and  3°  per  second 

(7)  Operating  controls:  — - - —  range  selector:  1,  2 

and  3  miles 
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PRELIMINARY  SPECIFICATION  FOR  HYPOTHETICAL  PWI  VIII 


A.  BRIEF  DESCRIPTION 

PWI  VIII  detects  all  aircraft  which  intrude  into  a 
region  of  range  and  altitude  proximity.  Precise  range-gating, 
based  upon  an  observation  of  propagation  time,  and  precise  al¬ 
titude  filtering,  based  upon  an  exchange  of  barometric  altitude 
data,  are  provided.  This  system  measures  the  range-rate.  It 
does  not  measure  relative  bearing.  Signals  from  multiple  tar¬ 
gets  are  assumed  to  be  time  ordered  and  resolvable. 


B.  PRIMARY  CLASSIFICATION  ACCORDING  TO  DERIVED  DATA 

(1)  Range? 

(a)  Precise  range-gate 

(b)  R  Rq:  1  and  R  V  PDET  =  0 

(2)  Range-rate:  - - - 20  feet  per  sec. 

200  feet  per  sec. 

(3)  Bearing:  - none 

(4)  Bearing-rate - — - none 

(5)  Altitude  difference:  - - - - X  1°0°  ft. 

x  500  ft. 

*  250  ft. 

(6)  Elevation  angle:  - - - —  none 

C.  SPATIAL  COVERAGE 

(1)  Aircraft  number  l; 

(a)  Bearing:  - - 360°  and  180° 

(b)  Elevation:  - — — - - 3  90° 

(2)  Aircraft  number  2: 

(same  as  aircraft  number  1) 

»♦  OPERATING  WAVELENGTH 

In  the  simulation  experiments  the  operation  of  this 

system  will  be  examined  in  the  microwave  band  assuming  that, 
atmospheric  attenuation  Is  negligible. 

S.  SYSTEM  AND  RQgtPHSWt  BESIGN  PARAMETERS 

Simulation  runs  will  be  planned  to  examine  the  perfor¬ 
mance  of  this  system  for  the  indicated  range  of  parameter  values. 

(i)  Tolerance  in  power  budget:  +  5  db  and  -  10  db 

•flO  db  and  -  20  db 

<2)  Detection  range: - - - -  selected  by  operator 

1,  2  or  3  miles 
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(3)  False  alarm  Interval: . Infinite,  one  hour 

(4)  Sampling  interval:  .  3  seconds 

Processing  delay:  - - - -  none 

(5)  Multiple  target  discrimination:  -  any  number 

(6)  Operating  controls:  .  range  selector: 

1,  2  and  3  miles 
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Abstract 


Alarm  and  maneuver  rates  in  a  model  terminal  area  and  the 
average  time  in  an  alarm  condition  are  calculated  for  an 
arriving  air  carrier  flight  which  is  protected  by  CAS  or 
various  PWI  equipments.  It  is  assumed  that  all  VFR  aircraft 
have  at  least  the  minimal  equipment  required  to  enable  the  air 
carrier  CAS  or  PWI  to  function,  and  that  the  VFR  aircraft  have 
random  headings.  Only  the  two-dimensional  problem  is  considered, 
which  means  that  altitude  information  is  assumed  to  be  exchanged 
between  aircraft.  Three  different  hypothetical  PWI  devices 
are  considered,  such  that  either  a)  range  only,  b)  range  and 
bearing,  or  c)  range,  range  rate,  and  bearing  are  available  to 
filter  the  threat  and  warn  the  pilot.  The  alarm  and  maneuver 
rates  for  the  PWI  eouipment  are  compared  with  the  alarm  rate 
for  the  ATA  CAS.  The  average  percentage  of  time  that  an 
arriving  air  carrier  is  in  a  "no  turn"  CAS  alarm  condition 
due  to  proximity  of  VFR  aircraft,  and  the  expected  number  of 
maneuvers  due  to  conflicts  with  VFR  aircraft  are  calculated 
aa  a  function  of  terminal  traffic  density. 
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Glossary 

a  i  maximum  lateral  acceleration  of  aircraft. 

AO  *  air  carrier 

ATA  *  Air  Transport  Association  of  America 

CAS  t  collision  avoidance  system 
B  t  elliptic  integral 

GA  :  general  aviation 

X  t  total  number  of  maneuvers  during  a  flight  of  fixed 
duration  in  the  terminal  area. 

M  »  total  number  of  alarms  during  a  flight  of  fixed 
duration  in  the  terminal  area. 

SC1  t  number  of  alarms  per  hour  for  the  CAS  -t^-sone  threat  logic. 
HC2  t  "  "  "  •»  "  "  "  CAS  r^-sone  »  ”  . 

*p3  s  «  "  "  M  ••  "  "  PWI-3  "  "  . 

Kpg  t  "  "  "  "  "  "  "  PWI-6  "  ••  . 

Ip.  t  M  "  "  "  "  «  "  PfI -8  "  "  . 

n  t  density  of  intruders  with  a  particular  velocity 

* 

magnitude,  in  number  of  aircraft  per  square  nautical 
mile. 

n  :  total  density  of  intruders,  all  speeds, 

PfI  t  pilot  warning  instrument. 

PVI-3  t  PfI  which  uses  range  data  only. 

PfI -6  t  PfI  whioh  uses  range  and  bearing  data. 

PfI -8  t  PfI  whioh  uses  range,  range  rate,  and  bearing  data. 

R  t  range  from  protected  airoraft  to  the  intruder. 

R  t  range  rate,  dR/dt 
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»  range  parameter  used  in  the  PWI-8  threat  logic. 

:  "  "  "  "  "  GAS  'X-zone  threat  logic. 

1 

t  "  "  "  "  "  -AS  r  -zone  "  "  . 

2 

t  "  "  "  H  M  PWI-1  threat  logic, 

t  ••  «  «  "  ••  PWI-6  "  "  . 

t  half-width  of  the  CAS  't3l-zone  normal  to  the  relative 
velocity  vector# 

:  minimum  warning  time  needed  in  a  PWI  system, 
i  average  duration  of  an  alariu. 

:  average  warning  time. 

j  total  time  spent  by  aa  AC  aircraft  in  the  terminal 
area# 


*  minimum  speed  of  the  protected  aircraft, 
t  relative  velocity, 

t  average  relative  velooity. 
t  maximum  aircraft  speed, 
i  AC  aircraft  velocity# 

*  GA  aircraft  velocity# 

x  relative  heading,  see  Figure  2. 


i  time  parameter  used  in  the  CAS  <t1-zone  threat  logic. 
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I.  INTRODUCTION 


The  present  Contract  has  as  its  primary  objective  the 
estimation  of  the  potential  benefit  to  be  derived  by  the 
various  users  of  the  air-space  through  the  implementation 
of  PWI  systems  of  various  degrees  of  sophistication.  It  is 
anticipated  that  the  effectiveness  of  any  PWI  will  depend  strongly 
on  a)  the  rate  of  alarms  it  generates,  b)  whether  or  not  the 


pilot  can  detect  the  targets  which  oause  the  alarms,  and 


(4)t 


c)  whether  or  not  the  pilot  considers  the  targets  dangerous  • 

It  is  proposed  to  measure  the  effectiveness  of  various  systems 
by  exercising  them  through  simulation  with  pilots  who  are  busy 
with  work  loads  appropriate  to  their  mission.  This  report  re¬ 
lates  alarm  rates  to  traffic  density  for  a  few  of  the  more 

sophisticated  types  of  PWI  systems  that  are  planned  to  be 

(5) 

simulated.  The  most  sophisticated  of  these  fHI  systems  measures 
the  same  quantities  as  the  ATA  CAS^^ao  the  alarm  rates 
for  the  CAS  are  given  for  comparison.  The  analysis  is  similar 
to  t^a c  published  by  Holt^but  has  the  following  differences 
and  extensions:  relative  bearing  of  targets  is  assumed  to  be 
available  in  some  PWI  systems,  a  specific  dietri button  of  aircraft 

o> 

speed  and  relative  heading  is  assumed  over  which  the  encounter 
rate  is  integrated,  and  the  longitudinal  component  of  acceleration 
of  both  aircraft  is  assumed  to  be  sere  in  the  maximum  closing 
speed  encounter#  i.e.,  neither  aircraft  can  go  faster. 


•References  appear  on  p*  >1  • 


•2» 

In  comparing  CAS  with  PWI  certain  difference*  abould  be 
borne  in  Bind*  1)  the  CAS  provides  virtually  perfect  protection 
between  equipped  aircraft  in  principle  and  can  function  at  any 
closing  speed |  2)  all  PWI  depend  on  the  pilot(s)  to  see  and 
avoid  iapending  collisions  and  the  ability  of  pilots  to  avoid 
is  less  than  perfect  and  gets  worse  with  increasing  closing  speed; 
3)  an  alar®  in  a  PWI,  ideally,  nerely  oalla  the  attention  of  the 
pilot  to  a  target  which  he  would  see  anyway  if  he  were  looking; 
he  maneuvers  only  when  he  considers  the  situation  hazardous; 
but  in  the  CAS  every  alarm  is  a  ooausand  to  maneuver* 

As  a  practical  matter  interest  in  PWI  systems  persists, 
even  though  the  potential  protection  achieved  will  be  less 
than  that  offered  by  CAS,  because  of  the  prospect  of  building 
systeas  at  lower  cost  and  thereby  achieving  wider  implementation 
and  greater  actual  protection*  Thus  CAS  will  probably  be  used 
primarily  to  back  up  the  protection  afforded  IFaAFR  flight* 
by  the  ATC  system.  PWI  deviate  will  probably  be  used  to  help 
pilots  separate  IFR/VIR  and  VfR/m  traffic.  Because  of  the 
difference  in  typical  closing  speeds*  traffic  densities  and 
acceptable  cost,  it  is  anticipated  that  the  Ft!  installation 
designed  to  protect  DPR  from  VfR  traffic  will  differ  from  that 
used  to  protect  VFR  free  other  VFR  sircraft.  The  present  report 
considers  only  sophisticated  FVX  systems  and  these  only  from 
the  point  of  view  of  the  IIR  user*  A  subsequent  report1 will 
•  The "last  "report  "in'  this  volume* 
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cover  these  systems  from  the  point  of  view  of  the  VPR  user, 
and  will  consider  less  sophisticated  PWI  systems. 

The  alarm  rates  in  both  GAS  and  PWI  depend  on  the  warning 

time  provided.  In  the  case  of  the  ATA  GAS  which  utilizes  vertical 

(7) 

maneuvers  the  time  required  (25  seconds)  is  well  documented. 

The  warning  time  in  practical  PWI  systems  will  probably  turn 
out  to  be  a  compromise  between  excessive  alarm  rates  and 
inadequate  detection  and  maneuvering  time,  the  details  depending 
on  the  system.  The  assumption  made  in  this  report  is  that 
each  PWI  system  provides  a  minimum  warning  time  of  15  seconds 
for  the  worst  case  of  two  aircraft  at  the  maximum  legal  term¬ 
inal  area  speed  (250kn  IAS,  291kn  TAS)  with  each  allowed  to  have 
a  maximum  lateral  acceleration  of  one-half  g.  This  ohoice  of 
warning  time  leaves  little  time  in  the  worst  case  for  the  pilot 
to  detect  the  target  and  determine  if  a  maneuver  is  necessary, 
but  it  still  may  be  a  reasonable  value  to  use  because  the  pilot's 
ability  to  detect  and  evaluate  threats  beyond  the  ranges 
corresponding  to  these  speeds  and  warning  time  is  probably  rather 
limited* 

The  ohoice  of  a  fixed  mininum  warning  time  under  the  worst 
condition  for  the  various  PWI  systems  analyzed  In  this  report 
leads  to  different  typical  warning  times  for  these  systems.  A 
more  sophisticated  PWI  system  whioh  measures  range  rate  can 
permit  a  target  to  approach  closer  in  general  than  a  system 
whioh  measures  range  only  since  the  latter  must  assume  the  range 
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rate  la  the  highest  possible.  As  a  result  the  less  sophisticated 
systems  will  have  a  higher  average  warning  time  (since  in 
general  the  range  rate  is  not  the  maximum  possible)  which  is 
an  advantage  which  should  be  balanced  against  the  lower  alarm 
rate  of  the  sophisticated  system. 

In  this  report  the  protected  aircraft  is  assumed  to  be 
looated  in  a  iando-a  distribution  of  otbar  aircraft  with  a  uni¬ 
form  density  and  random  headings  in  the  horisontal  plane,  For 
simplicity  we  consider  two  dimensional  encounters  only;  in  effect 
this  means  that  altitude  data  are  exchanged  or  obtained  by  some 
other  means*  and  the  system  considers  threats  in  some  co-altitude 
band  only.  In  this  report  the  effective  width  of  this  band  is 
assumed  to  be  ±  800  feet,  biased  as  necessary  for  high  rates  of 
ollmb  or  descent. 

The  threat  logios  for  the  various  systems  are  described  in 

Section  IIt  and  also  in  Appsndioes  A  and  B.  The  traffic  model- 

air  oarrier  and  general  aviation  velocity  distributions  in  a 

(3> 

typical  terminal  area  —is  detailed  in  Section  III.  The  elans 
and  maneuver  rates  and  the  expected  time  in  an  alarm  condition 
for  this  traffic  model  are  obtained  in  Section  XXX  $  the  math¬ 
ematical  evaluation  of  alarm  rates  is  described  in  Appendices 
A  and  B.  Conclusions  are  presented  in  Section  IV, 


II.  THS  THREAT  LOGIC 


The  GAS  and  PVI  equipment  measure  sore  properties  of  the 
intruder  (suoh  as  range,  range  rate,  or  bearing)  &e  specified 
below,  and  on  the  basis  of  this  information  classify  the  intruder 
as  a  hasard  or  not  a  hatard.  The  olaasifl cation  process  is 
performed  by  the  threat  evaluation  logic  of  the  system,  aa 
described  below#  The  boundaries  of  the  alarm  regione  are  shown 
in  figure  1* 

A.  Collision  Avoidance  System  (CAS). 

The  threat  loglo  is  the  one  proposed  by  ATA^with  parameters 
as  modified  by  the  MoDonnell  Douglas  Corporation^),  The  system 
measures  the  range  R  and  the  rangy  rate  Rc  The  threats  are  of 
two  typeat  m)  those  which  cross  the  -cone  boundary;  the  threat 
logic  output  then  commands  the  pilot  to  roll  out,  if  in  a  turn, 
and  to  prepare  to  oliah  or  dive;  b)  those  which  cross  the  x^zmv 
boundary!  the  threat  loglo  output  then  commands  the  pilot  -;o 
ollmb  or  dive# 

fhe  T^-sone  boundary  is  given  by  the  following  rVUfcionehip 
bstwssn  tbs  range  R  and  tbs  range  rate  R  *  dR/dt  i 

H  «  v  (i> 

where  Re  S  1*8  n.  ml#  and  40  seoonds. 

the  t^-sons  boundary  is  given  by  either 

R  - 


(2) 
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whichever  occurs  first.  Rjj  -  $.5  n,  ai.  and  “  25  seconds. 

For  negative  values  of  R  (closing  intruder)  the  -zone  is 

contained  within  the  ^-eone.  The  boundaries  of  the  two  eones 

are  shown  in  Figure  1  for  the  following  caset  the  velocity  of 

the  protected  aircraft  is  176  knots,  the  velocity  of  the  intruder 

0 

is  104  knots,  and  the  relative  heading  is  98  which  corresponds 
to  the  average  relative  velocity  magnitude  of  192  knots. 

B.  Pilot  Warning  Instruments  (FW1). 

а.  Range  measurement  alone  (PWI-3). 

Tue  intruder  is  classified  as  a  threat  whenever  he  crosses 
a  circle  of  radius  14,740  feet,  centered  on  the  protected  aircraft, 
see  Figure  1.  The  alarm  range  to  the  intruder  is  the  same  in 
all  directions  since  relative  hearing  is  not  measured. 

As  described  in  Appendix  B,  the  range  is  ohosen  in  such  a 
way  that  in  the  worst  oase  (both  aircraft  on  the  ease  straight 
line  path  and  heading  directly  towards  each  other)  15  seconds 
retain  to  a  potential  collision  after  the  pilot  is  alerted  it 
both  the  protected  aircraft  and  the  intruder  travel  with  the 
maximum  speedt  291  knots  true  air  speed.  For  speeds  lean  than 
unximum  or  for  other  headings  than  the  worst  case  the  time  to 
collision  (if  any)  will  exceed  15  seconds, 

б.  Range  and  bearing  measurement  (PWI-6). 

the  intruder  is  classified  as  a  threat  whenever  he  crosses 
a  circle  of  radius  10,590  fset,  with  center  4950  feet  ahead  of 
the  protected  aircraft,  see  Figure  1.  Since  the  protected  air- 
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oraft  is  not  at  the  center  of  the  cirole,  the  range  to  the 
ciroular  boundary  of  the  alarn  region  changes  with  the  hearing. 
Consequently,  both  the  range  and  the  bearing  have  to  be  obtained 
to  use  this  threat  logio. 

As  described  in  Appendix  B,  the  alarcu  circle  is  chosen 
in  such  a  way  that  in  all  ea«es  (i.e.,  for  all  headings)  at 
least  15  seconds  renain  to  a  potential  collision  after  the  pilot 
is  alerted  -it  both  the  protected  aircraft  and  the  intruder 
travel  with  aaximua  spaed.  PSI-3  over protects*  even  at  the  n  ax- 
iaun  speed  for  headings  other  than  the  woret  case.  Pfl-6  pro¬ 
vides  15  aeconde  of  warning  at  the  oaxlmun  speed  (except  for  a 
ninor  overprotection  at  soae  anglee  because  for  simplicity  we 
have  replaced  a  rectangle  with  rounded  oomere  by  a  circle,  eee 
Appendix  B),  but  for  speeds  lees  than  maximum  the  tine  to  collision 
(if  any)  will  exceed  15  eeoonds. 

o.  Range,  range  rate,  and  bearing  measurement 

the  intruder  is  classified  ae  a  threat  whenever  he  enters  the 

region  with  the  boundary 

* 

B  =  -  RT  ,  (4) 

where  Ra  -  5600  feet  and  t  -  15  seconds.  Note  the  ^similarity 
of  this  equation  to  Bq.(l). 

the  reasoning  behind  Kq.{4)  is  detailed  in  Appendix  B  and 
can  be  summarised  as  follows*  if  both  the  protected  aircraft  and 

i 

“overproteotion**  we  mean  that  the  warning  tiae  exceeds 
15  ssoonda. 
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the  intruder  are  on  linear  flights,  then  a  collision  will  occur 

in  T  -  15  seconds  if  R  is  negative  (closing  intruder)  and 

R  =  -RT.  However,  if  both  aircraft  can  accelerate  during  this 

o 

time,  then  we  must  add  a  range  Rft  =  aT  to  our  protective  boundary 
(a  is  the  acceleration)  which  leads  to  Eq.(4).  We  obtain 
R  -  3600  feet  for  T  »  15  seoonds  and  a  "  16  feet/second?* 

cl 

The  bearing  information  does  not  appear  explicitly  in  3q.(4), 
and  it  is  not  used  to  classify  an  intruder  ae  a  threat  or  not  a 
threat.  The  bearing  information  is  provided  to  the  pilot  to 
help  him  see  and  avoid  the  intruder.  Without  the  bearing 
information  T  would  presumably  have  to  exceed  15  seconds  to  give 
the  pilot  additional  time  to  looate  the  intruder,* 

The  boundary  of  the  alarm  region  is  shown  in  Figure  1  for 
the  same  velocities  as  CAS.  tfote  that  the  systems  depending  on 
range  rate  (CAS,  PWI-8)  have  alarm  regions  which  are  symmetric 
about  the  relative  velocity  vector  vr,  while  the  system  depending 
on  bearing  (PWI-6)  has  an  alarm  region  symmetric  about  the 
velocity  vector  v-^  of  the  protected  aircraft. 

If  one  compares  the  alarm  regions  of  CAS  and  PWI-8  (both 

measure  range  rate),  one  should  note  the  following*  1)  if 

acceleration  cannot  exceed  16  ft/seo2,  then  PWI-8  gives  a 

warning  at  least  T  -  15  seconds  prior  to  a  collision,  but  the 

•tf^-zone  alarm  gives  less  than  40  seconds  warning  time, 

even  though  Eqs.  (1)  anti  (4)  are  similar;  the  reason  for  this 

discrepancy  ie  that  RQ  is  less  than  at|(see  Appendix  A  for  some 

typical  times  to  collision);  2)  turns  are  not  permitted  inside 
* " 

If  the  aircraft  accelerate,  there  is  no  overprotection;  if  the 
aircraft  do  not  accelerate,  some  warning  times  will  exceed  15 
seconds. 
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the  CAS  'T^-sone?  therefor©  at  the  *t^-sone  boundary  one  does 
not  need  protection  against  lateral  acceleration  in  turns?  3)  it 
is  assumed  that  a  pilot  performs  an  escape  maneuver  in  less  time 
if  alerted  by  a  FWI  and  is  free  to  choose  the  most  appropriate 
action  than  if  commanded  by  CAS  to  perform  a  climb  or  dive)  an 
experimental  check  of  this  assumption  mould  be  valuable. 
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III,  ALARM  RATES 

We  will  evaluate  the  alum  rates  for  the  CAS  and  the  three 

PWI  systems  described  in  the  previous  section.  We  will  use  the 

velocity  distributions  of  air  carrier  (AC)  and  general  aviation 

(3) 

(GA)  aircraft  in  a  typical  terminal  area  .  We  divide  the 
velocity  distribution  of  each  type  (AC  or  GA)  into  three  groups 
of  equal  probability,  and  select  the  median  velocity  of  each  group 
to  represent  that  group,  i.e.,  the  speed  mix  is  assumed  to  be  such 
that  33#  of  the  aircraft  of  each  type  (AC  or  GA)  have  one  of  the 
velocities  shown  in  Table  I,  Table  II  shows  the  average  relative 
velocity  magnitudes  between  the  groups  of  AC  and  GA  aircraft,  if 
we  assume  random  headings  of  GA  aircraft. 

t  •  4  • 

We  denote  by  Hqj,  Nq2,  Wp^,  Npg,  and  Npg  the  alarm  rates 
(in  number  of  alarms  per  hour)  for  the  CAS  t^-zone,  TJ^-zone, 
the  PWI -3,  PWI -6,  and  PWI -8  threat  logics,  respectively.  The 
details  of  the  alarm  rate  calculations  are  presented  in  Appendices 
A  and  B, 

Let  n  be  the  density  (number  of  aircraft  per  square  nautical 
mile)  of  each  group  of  GA  aircraftf  since  each  group  constitutes 
one  third  of  the  total  GA  aircraft,  the  total  density  nQ  of  GA 
aircraft  is  n0  =  3n.  Table  III  shows  the  alarm  rates  divided  by 
n  (i.e.,  to  obtain  the  true  alarm  rates,  one  has  to  multiply  the 
numbers  presented  in  Table  III  by  the  density  n)  for  encounters 
between  a  protected  AC  aircraft  (with  one  of  the  three  speeds) 
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Table  III* 
Alarm  Rates 


GA  i 


MCl/n 


*nJ& 

C2 


Va 


W" 


2 

3 

201 

224 

287 

274 

299 

365 

458 

482 

553 

754 

809 

958 

963 

1015 

1150 

1433 

1482 

1619 

749 

781 

877 

904 

930 

1002 

1211 

1228 

1278 

538 

561 

630 

650 

668 

720 

870 

883 

919 

260 

280 

334 

334 

354 

406 

503 

521 

571 

Dimensions  ares  (  alarms  AotuO/Calroraft/C  a*  mi.)  ) 
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and  each  of  the  GA  aircraft  groups.  The  entries  in  Table  III 
can  also  be  used  to  obtain  alarm  rates  for  a  protected  GA  aircraft 
in  encounters  with  AC  aircraft*  the  alarm  rate  for  the  average 
GA  aircraft  in  the  random  distribution  is  given  by  the  entry  in 
Table  III  multiplied  by  the  density  of  the  AC  aircraft  group. 

If  we  assume  that  the  AC  aircraft  spends  a  time  t0  in  the 
terminal  area,  and  one  third  of  the  time  is  spent  at  each  of  the 

three  AC  speeds  in  Table  I,  then  for  a  particular  threat  logic 

* 

the  total  number  of  alarms  V  during  the  time  tQ,  with  all  groups 
of  GA  aircraft,  is  given  by  the  sum  of  the  nine  entries  in  Table 
III  (  for  the  particular  system),  multiplied  by  n  (n  •  nQ/3)  and 
by  t„/3.  Table  IVa  shows  M/n  t^  and  also  U  for  the  near  future, 

Q  0  0  t 

o 

when  t0  *  800  seconds  and  n0  =  0.0270  per  (n.mi.)  ,  numbers 

estimated  to  be  appropriate  for  the  busiest  terminals  for  the 

(4) 

next  ten  to  twenty  years  .  This  value  of  nQ  represents  480 

aircraft  in  a  terminal  area  with  a  radius  of  30  n.mi.  and  height 

10,000  feet,  if  the  altitude  discrimination  of  the  CAS  and  PWI 

equipment  is  such  that  only  intruders  in  a  layer  1600  feet  thiok 

are  considered  to  be  hazards. 

Table  IVa  also  shows  K  for  current  operations  in  a  busy 

terminal,  when  there  are  113  GA  aircraft  in  the  terminal  area, 

2 

2 -0.00636  per  (a.fci.)  • 

Table  IVa  also  gives  the  average  duration  of  alarms  T^  for 
tbs  typical  case  shown  in  Figure  1.  T^  Is  the  average  time  the 
intrude;*  spends  within  the  alarm  region,  if  on  a  linear  unaccel- 
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Table  IV*  AC/8A  Sncountera 
in  a  Terminal  Area* 


a.  Humber  and  Duration  of  Alarms*  and  Yarning  Times* 


i 

] 

Alarm 

/ 

Yarning 

Threat 

H/n0t0, 

Future* 

Current** 

duration* 

tine*  i 

*  1 

Logic 

(n.mi*X?kr. 

M 

V 

Td,  secs.  . 

t 

Tw*  aeos.i 

CAS  Tj-sone 

349 

2.09 

0*49 

22 

‘  W  ! 

t 

CAS  T^-zone 

1131 

6.78 

1.60 

61  1 

1 

;  73  ; 

PWI-3 

j 

996 

5.97 

1.40 

72 

44 

FWI-6 

715 

4.29 

1.01 

51 

42  ! 

PWI-8 

396 

2.37 

0.56 

21 

26  | 

Dimensions  of  H:  alama/SOO  seoonds. 
b.  Number  of  Maneuvers. 


Threat 

Logic 

K/Vo* 

future* 

K 

Current** 

X 

CAS  Tj-zone 

349 

2*09 

0.49 

CAS  't^-zone 

170 

1.02 

0*24 

au  m  *## 

155 

0,81 

0*19 

Dimensions  of  Ki  maneuvere/800  seoonds* 
*n0  s  0*0270,  OA  aircraft  per  (n.mi.)2. 


**nd  s  0*00636  GA  aircraft  per  (n.mi.)2* 

t_  s  800  secs* 
o 

•••for  maneuvers  assumed  miss  distance  =  2000  ft* 
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erated  flight. 

If  the  geometric  situation  is  such  that  a  collision 
could  actually  occur,  then  for  aircraft  on  linear  flights  the 
warning  time  given  by  the  CAS  or  PfI  equipment  is  obtained  by 
dividing  the  distsnoe  along  the  relative  velocity  vector  from 
the  protected  aircraft  to  the  alarm  region  boundary  by  the  rela¬ 
tive  velocity.  This  distance/velocity  ratio  has  been  calculated 
at  each  of  the  nine  average  relative  velocities  given  in  Table  II 
the  ratios  have  been  summed  and  divided  by  nine,  and  this  average 
warning  time  Tw  is  presented  in  Table  IVa. 

Let  us  now  consider  maneuver  rates  Instead  of  alarm  rates. 

The  protected  aircraft  must  always  maneuver  if  the  CAS  T^-eone 

is  penetrated;  therefore,  for  this  threat  logic  the  alarm  rate 

equals  the  maneuver  rate.  At  the  t^-eone  penetration  one  must 

maneuver  only  if  in  a  turn  (roll-out) s  if  we  assume  that  the 

aircraft  turn  15$  of  the  time  in  the  terminal  arss,  then  for  the 

CAS  T^-same  threat  logic  the  maneuver  rate  is  0.15  times  the 

alarm  rate.  fe  assume  that  the  aircraft  equipped  with  any  of 

the  Pil  will  maneuver  only  if  the  alerted  pilot  eetimates  that 

the  intruder  will  come  within  2000  feet  of  his  aircraft.  Thus 

the  maneuver  rate  Is  proportional  to  the  area  swept  out  by  a 

circle  with  diameter  4000  feet,  traveling  with  the  relative 

velocity,  fe  denote  the  total  number  of  maneuvers  during  the 

time  tQ  by  1,  and  we  average  over  the  three  A0  epeeda  and  three 

GA  speeds  the  same  way  as  for  the  total  number  of  alarms.  Table 

XVb  shows  X/n  V  sad  X  for  the  values  of  n_  diacuscsd  shew. 
o  o  ° 

5G 
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IV.  CONCLUSIONS. 

The  number  of  alaras,  the  number  of  maneuvers,  and  the 
average  duration  of  the  alaras  have  been  estimated  for 
an  arriving  I PR  air  carrier  aircraft  in  potential  conflict  with 
random  VFR  traffic  in  a  terminal  area  on  the  assumption  that 
one  of  various  cooperative  PWI  or  the  ATA  CAS  were  in  use, 

Por  illustrative  purposes  a  current  terminal  density  of  VFR 
traffic  has  been  assumed  as  well  as  a  projected  density  about 
four  times  as  great  (1980-1990).  The  PWI  studied  represent  the 
more  sophisticated  of  those  proposed  in  that  it  is  assumed  that 
altitude  data  ia  exchanged  between  airoraft.  The  simplest  of 
these  PWI  also  measures  range  to  other  aircraft,  the  second  in 
sophistication  measures  relative  bearing  as  well,  and  the  third 
calculates  range  rate.  The  performance  of  these  Pil  1b  compared 
with  that  of  the  ATA  CAS  in  the  eame  environment. 

The  results  show  that  there  is  little  reduction  possible 
in  PWI  alarm  rate  by  virtue  of  measuring  bearing  in  addition  to 
range  on  the  assumption  that  the  same  warning  time  suffices  in 
both  systems!  this  is  however  a  poor  assumption  and  it  is  anti¬ 
cipated  that  simulation  will  demonstrate  that  seme  indication 
of  bearing  is  necessary  to  reduoe  search  time  and  to  achieve  s 
satisfactory  detection  rate.  The  measurement  of  range  rate  in 
a  PWI  in  addition  to  range  permits  a  significant  reduction  in 
alarm  rate  (about  45$)  but  there  is  also  a  reduction  in  the 
warning  time  given  to  the  pilot  in  the  typical  encounter;  the 


57 


17- 


reduction  is  of  approximately  the  same  magnitude}  as  a  result 
it  is  suspected  that  simulation  will  show  that  there  is  little 
net  gain  in  the  effectiveness  of  see-and-avoid  by  virtue  of 
measuring  range  rate  in  a  PWI  and  using  it  to  delay  or  suppress 
alarms » 

The  calculation  shows  that  an  IFR  air  carrier  would 
experience  an  average  of  4.3  alarms  ana  0.8  maneuvers  (to  avoid 
misses  with  oo-altitude  traffic  of  less  than  2000  feet  in 
horizontal  separation)  in  an  arriving  flight  in  a  terminal  with 
four  times  the  current  density  of  VPR  traffic  if  a  PWI  were  in 
use  which  gave  altitude  information  to  the  air  carrier  and  per¬ 
mitted  the  air  carrier  to  measure  range  and  bearing  to  the  VPR 
traffic.  The  PWI  alarm  in  the  air  oarrier  would  be  on  about 
2356  of  the  time  under  these  conditions.  These  rates  may  or  may 
not  be  considered  tolerable;  a  more  fundamental  quantity  would 
be  the  expected  collision  rate  given  that  the  pilot  iB  helped 
by  the  PWI  to  detect  targets  sooner  and  more  dependably.  In 
order  to  estimate  the  effectiveness  of  see-and-avoid  when  using  PWI 
it  will  be  necessary  to  measure  (in  simulation)  the  improvement 
in  the  probability  of  detection  afforded  by  the  PWI  device. 

Stated  another  way,  these  PWI  cannot  be  faulted  for  the  magnitude 
of  the  alarm  rates;  they  are  only  alerting  the  pilot  to  traffic 
he  should  see  anyway. 

The  GAS  alarm  rate  in  thia  environment,  assuming  all  the 
Via  traffic  is  equipped,  of  6,78  per  air  carrier  arrival  gives, 
with  an  average  alarm  duration  of  61  seconds,  an  expectation 
that  the  roll-out  alarm  is  on  about  40 %  of  the  time.  If  the 
air  carrier  is  unable  to  follow  ATC  vectors  when  this  alarm  is 
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on,it  would  appear  that  the  CAS  oould  not  operate  effectively 
in  this  environment.  The  expected  number  of  alarms  (climb 
or  descend  commands)  of  2.1  per  flight  would  seem  to  present 
less  of  a  problem.  If  it  is  assumed  that  the  air  carrier  is 
turning  15#  of  the  time  in  the  terminal*  the  expected  number  of 
roll-out  maneuvers  executed  would  be  about  ons  per  flight, 
making  about  3.1  maneuvers  per  flight  due  to  both  i^and  -^alarms. 
This  is  approximately  four  times  the  maneuver  rate  that  would 
be  experienced  if  pilots  using  seo-and-avoid  maneuvered  only 
when  the  lateral  aiss  distance  would  be  less  than  2000  feet. 

The  alarm  and  maneuver  rates  for  the  CAS  and  all  PlI 
appear  tolerable  at  the  ourrent  VS*R  traffic  density. 
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APPENDIX  A.  CAS  THREAT  LOGIC 
AND  ALARM  RATES. 

The  CAS  threat  logicd)»(2)uses  range  and  range  rate 

data  to  classify  an  intruder  as  a  threat  whenever  the  intruder 

crosses  the  boundary  of  the  -zone  or  't^-sone,  given  by 

**  • 

Eqs<>  (l)-(3).  For  negative  range  rate  R  (the  intruder  ie 

approaching  the  protected  aircraft)  the  Tj^-zone  ie  contained 

within  the  Xj-zone,  see  Figure  1.  Vhen  an  intruder  crosses 

the  X,  -zone  boundary,  the  threat  logic  output  commands  the 

pilot  to  roll  out,  if  in  a  turn,  and  to  prepare  to  climb  or  dive. 

When  an  intruder  crosses  the  -zone  boundary,  the  threat  logic 

output  ooamanda  the  pilot  to  climb  or  dive. 

Since  the  airoraft  may  aocelerate  and  turn. when  outside 

the  t^-eone,  and  since  tha  range  R0  in  Eq,  (1)  is  less  than 

ax  (where  a  is  the  maximum  peraieaible  acceleration),  collisions 

2. 

could  occur  in  less  than  seconds  from  the  time  a  x^zme 
alarm  la  given,  if  one  did  not  take  evaeive  action.  For  example, 
consider  two  aircraft  with  equal  speeds,  v  *  400  ft./eec*,  on 
parallel  courses  slightly  more  than  a  distance  HQ  =  1,8  n.ci, 
apart  ao  that  the  x^tone  alarm  is  not  given  as  long  ae  the  air¬ 
craft  maintain  their  parallel  paths,  because  the  range  rate  is 
equal  to  zero.  If  both  aircraft  now  turn  towards  each  other 
simultaneously  with  circular  turns,  acceleration  c  -  16  ft./eec.2, 
then  collision  occurs  a  time  t  later,  where 


(A  -  1) 


cos(at/v)  »  1  -  R0a/2v2 

if  no  evasive  action  ia  taker.#  For  this  case  t  -  27.5  seconds. 

Of  course,  the  CAS  f^-zone  threat  logio  will  command  both 
pilots  (if  both  are  equipped  with  CAS)  to  roll  out,  if  the  alarm 
is  given.  If  it  takes  10  seconds  to  accomplish  the  roll-out, 
then  instead  of  being  on  parallel  courses  the  two  aircraft  will 
be  on  intercepting  courses,  and  a  collision  may  occur  29  seconds 
after  roll-out  (39  seconds  after  the  alarm),  if  no  other  evasive 
action  ia  taken.  The  Tj-sone  logio  will  prevent  this  collision 
by  commanding  the  pilots  to  climb  or  dive,  and  normally  there 
are  25  aeoonda  of  warning  time  to  accomplish  the  maneuver. 

However,  if  the  intruder  is  not  equipped  with  CAS*  he  may 
elect  to  turn  towards  the  protected  aircraft  at  the  't^-sone 
boundary.  For  two  400  ft./aeo.  airoraft  and  acceleration 
16  ft, /sec,2  in  the  worst  case  there  are  only  13.5  seoonds  left 
between  the  ^-sone  alarm  and  the  potential  collision.  The 
worst  case  occurs  when  the  intruder  approaches  the  protected 
aircraft  at  a  relative  beading  of  9  -  163° (see  Figure  2  for  a 
definition  of  <9}  and  turn*  towards  the  protected  aircraft  at  the 
minimum  range  Ry. 

Let  us  now  consider  alarm  rates |  we  will  examine  the  rates 
for  the  t^-sone  first.  For  a  random  distribution  of  intruder 
headlnga  let  us  study  the  intruders  with  relative  headings  at 
angles  between  soae  6  and  5  +  49  (see  Figure  2  for  6)  and  a 

*  He  carries  only  a  cooperative-element  >  tid  does  not  get 

alarms  himself. 


constant  velocity  magnitude  v .  If  v1  is  the  velocity  magnitude 
the  protected  aircraft,  then  the  magnitude  of  the  relative 


velooity  vy  is  given  by 

2  p  2 

▼p  *  +  V2  -f  2viV2CO80  , 


(A  -  2) 


To  obtain  the  alarm  rate  we  can  assume  that  the  intruders  are 
stationary  and  the  protected  aircraft  moves  with  velocity  v 
The  'XTjj-zone  boundary  is  now  given  by 

t 

R  =  ao+  *  (A  -  3) 

where  [J  is  the  angle  between  the  relative  velocity  vector  and 
the  range  vector,  see  Figure  2.  JSq.  {A  -  3)  describes  a  lioa^on 
of  Pascal,  shown  in  Figure  2, 

Let  2S  be  the  maximum  width  of  the  %^-aone  boundary  in 
Figure  2  normal  to  the  relative  velooity  vector.  It  can  be  shown 
that 


1/2  3/2 

S  ~  (a  -  Rq)  (z  +  3Ro)  /16vrTa 
where 


r  2  .  on  1/3 

*  =  LR0*9<vr* 2>  J 


(A  *-4) 


<A  *5) 


Then  the  -e  -zone  boundary,  moving  with  velocity  v  ,  in  a  time 
**  r 

interval  At  sweeps  out  an  area 


A  =  2Sv  At. 
r 


(A  -6} 


To  obtain  the  number  of  alarms  received  in  the  time  interval  At, 


.JP5 


\  ‘J5®’ 


i!  -V*t: 


\ .  ; 


■4&X* 
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we  must  multiply  A  by  the  density  of  intruders.  If  the  total 
density  of  intruders  with  this  given  magnitude  v^  is  n,  then 
the  density  of  intruders  with  b&adiags  between  0  and  0  +  dQ  is 
nd9/2*Tf  ,  if  headings  are  random.  The  total  alarm  rate  Nc2  is 
obtained  by  integrating  And0/2r  over  all  0,  and  by  dividing  the 
result  by  at,  or 

N  0  S  (n/TT  )  I  d0  vrS  (A  -  7a) 

C2  0 

c*  3/2  1/2 

=  (n/8rtJj  d0(z  +  3R_)  (z  -  R  )  .  (A  -  7b) 

*  0  0  0 

To  evaluate  the  integral  in  Eq,  (A  -  7b)  numerically  we  approx¬ 
imate  it  by  the  use  of  Simpson^s  Rule,  applied  to  values  of  the 

•  t 

integrand  at  the  three  points  ©  s  0,  Tf/2,  and  Tf  , 

Ng2  #  (n/48T2)  [  P(z0)  ♦  4P(«1)+  ?(z2)  ]  (A  -  3) 


where 

3/2  1/2 

F(z)  =  (z  4  3R0)  (z  -  R0> 


(A  -  9) 


and  zQ,  z^,  z2  is  the  value  of  z,  given  by  Eq.  (A  -  5),  at  8  -  0, 
ff  /2,  Tf  respectively. 

To  check  on  the  aoouraoy  of  the  approximation,  we  have 
compared  it  with  two  special  oases  of  the  exact  Eq.  (A  -  7b)  whon 
the  latter  can  be  integrated.  In  the  first  special  case  let 
Rq  -  0|  then  it  turns  out  that  both  the  exact  and  the  approximate 
expressions  give  the  same  result  (i.e.,  there  is  no  error  due 
to  approximation))! 
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i02(Bo  =  0)  =  nx2(v*  +  %). 


(A  -10) 


In  the  second  special  case  we  let  V  0,  then  exactly 


KC2(T3L=  05  S  n2EoV  (A  -11) 

where  vr  is  the  average  relative  velocity, 

IT 

;  =  d/2  t  )  J  aev. 
r  0 

5  (2/5T  )(v1+  v2)  E  ^4v1v2/(v1+  vg)2  ]  ,  (A  -12) 

and  E  is  the  complete  elliptic  integral  of  the  aecond  kind*  In 

this  special  case  we  find  the  following  percent  differencea  between 

the  exact  and  the  approximate  result!  0.23%  for  v^/v,,  -  1; 

1.50%  for  ^/Vg  -  2  or  1/2  j  0,48%  for  v^/Vg  -  4  or  1/4. 

Since  the  errors  in  the  approximation  were  very  small,  the 

approximation  was  used  to  obtain  numerical  results. 

Now  consider  'fcj-zone  alarms.  In  Eq0(A  -7a)  we  now  must 

let  S  equal  to  either  or  vrTj/2,  whichever  is  greater?  they 

are  equal  when  Q  -  9  , 

M 


c°a0M  =  [^VV2  '  V1  “  *§  1  /2v lv2» 


(A  -13) 


Thus 


Noi  =  (n/1T  ){  +  j 

U 

whioh  becomes 


(A  -14) 


KC1  "  n  \  [  (vl  +  ^>®M  *  av^VgBin©^  3 

+  2RM  [vr-  (2/irx*/!  +  V2)E(  *  e^/  ©(  )] 


(A  -15) 


where  S (  i  •  /  Qt  )  is  the  incomplete  elliptic  integral  of  the 
M 

second  kind,  and 


Bind  -  2  fv^/(vi  v2). 


(A  -16) 


The  elliptic  integrals  are  tabulated,  see,  for  example,  M. 
Abi’aaowitz  and  I,  A,  Stegun,  edo,  Handbook  of  Mathematical 
Functions  (Dover  Publications,  Inc.,  Hew  York,  1965). 
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APPENDIX  B.  PWI  THREAT  LOGIC  AND 
ALARM  RATES. 


£11=3. 

We  assume  that  only  range  data  are  available.  Consequently, 

since  one  has  to  protect  the  aircraft  against  the  worst  possible 

case—  a  head-on  collision  at  maximum  speeds — one  must  set  the 

alarm  range  R^  equal  to  2vqT,  where  T  is  the  necessary  warning 

time  and  v  is  the  maximum  speed*  For  T  -  15  seconds  and  v  = 
o  o 

291  knots  *  491  feet/second  we  have  R^  s  14,740  feet. 

PWI-3  corresponds  to  the  hypothetical  PWI  III  for  which 
preliminary  specifications  were  given  in  an  earlier  report^. 

To  evaluate  the  alarm  rate  N  we  must  substitute  for  S 
in  Eq0(A  -7a)  the  constant  radius  R^,  which  then  yields 

4 

RP3  •  n2R1vr  ,  (B  -  1) 

where  vy  is  the  average  relative  velocity,  given  by  Eq,(A  -  12), 
and  n  is  the  density  of  intruders* 

PWI-3  provides  more  than  15  seconds  warning  for  all  cases 
except  the  head-on  collision  at  maximum  speeds. 

£ILd2 


Both  range  and  bearing  of  the  intruder  are  assumed  to  be 

available.  This  system  corresponds  to  the  hypothetical  PWI  VI 

(5) 

described  in  an  earlier  report. 

To  derive  the  threat  logic,  consider  the  possible  position 

66 
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of  the  protected  aircraft  T  seconds  later,  where  T  is  the  needed 
warning  tine.  Let  vq  he  the  maximum  speed,  u  he  the  minimum 
speed,  and  a  the  maximum  lateral  acceleration*  Then  the  protected 
aircraft  after  a  time  Interval  T  should  he  inside  the  rectangle 
shown  in  Figure  3  (a  good  approximation  for  the  speeds  and 
accelerations  which  we  are  considering),  with  sides  (vQ  -  u)T  and 

p 

aT.  We  are  assuming  that  the  same  equipment  is  used  by  all 
protected  aircraft,  and  that  the  threat  logic  is  not  adjusted  with 
the  speed  of  the  protected  aircraft.  Consequently,  we  do  not 
know  precisely  where  the  protsotsd  aircraft  will  he  T  seconds 
later,  and  we  must  provide  protection  for  all  possible  positions 
within  the  rectangle* 

We  must  protect  against  the  Intruder  with  the  maximum  speed, 
thus  to  reach  the  rectangle  in  T  seconds  the  intruder  must  be 
within  a  distance  D  from  the  rectangle,  where  approximately 

D2  =  <v0T)2  4*  <$aT2)2  ,  (B  -  2) 

If  we  draw  a  contour  of  the  dietanoe  around  the  rectangle 
in  Figure  3,  we  obtain  the  rectangle  with  rounded  corners.  For 
simplicity  we  replace  this  rectangle  with  rounded  corners  by  a 
cirole  with  center  at  the  oenter  of  the  rectangle  and  radius  R?f 

R2  ■  D  ♦  i  / [< v0  -  u)V  ]  2  4-  (aT2)2  ‘  ,  <B  -  3) 

as  indicated  in  Figure  3*  The  simpler  cirole  overpro tacts 
slightly  at  some  angles i  therefore,  for  example,  in  Figure  1  the 
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PWI-6  alarm  region  boundary  extends  beyond  the  PfI-3  alarm  region 
boundary  in  the  forward  sector.  The  boundary  in  Figure  1  iB  drawn 
for  a  =  16  ft. /sec.2,  T  =  15  seconds,  vQ  s  291  knots,  u  -  100 
knots.  Then  Rp  =  10,590  feet. 

For  speeds  slower  than  maximum  this  alarm  circle  provides 
a  longer  warning  time*  Table  V  shows  the  minimum  warning  time 
obtained  if  the  intruder  and  the  protected  aircraft  both  have  one 
of  the  speeds  listed  in  Table  I.  The  times  are  calculated  from 
Eq,(B  -  2)  with  the  intruder  speed  replacing  vQ.  The  difference 

between  the  42  second  warning  time  shown  in  Table  IVa  and  the 

values  shown  in  Table  V  is  the  following!  T^  in  Table  IVa  ie  the 

average  warning  time  in  encounters  between  one  AC  and  one  GA 

aircraft,  while  the  times  shown  in  Table  V  are  the  worst  case 
minimum  times  in  encounters  between  AC  or  GA  pairs  of  airoraft 
with  the  same  speed. 

To  evaluate  the  alarm  rate  Npg  we  substitute  R?  for  S  in 
Sq.  (A  -  7a);  thus,  analogous  to  Eq.  (B  -  1),  we  obtain 

nP6  S  n2B2^r.  (B  -  4) 

Obviously  the  ratio  of  Hp^  to  Hpg  is  equal  to  the  ratio  of  Rj  to 

V 

£SI=fl. 

Range,  range  rate,  and  bearing  of  the  intruder  are  assumed 

» 

to  be  available.  However,  only  the  range  R  and  range  rate  R  are 


Table  V,  Ulnlnua  Warning  Times  for 
PfI-6,  Intruder  and  Protected  Aircraft 
Have  the  Sane  speed. 


Speed,  knots 

Warning  tine, 

seconds. 

141 

24.6 

AC  176 

22.0 

242 

17.5 

86 

28.2  ~ 

GA  104 

27.1 

143 

24.4 
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uaed  in  the  threat  logic.  The  dependence  of  the  threat  logic 
on  the  bearing  is  implicit  and  not  explicit  because  without 
providing  the  bearing  information  to  the  pilot  one  would 
presumably  have  to  use  a  longer  warning  time  T  to  permit  the 
pilot  to  search  for  the  intruder.  The  addition  of  explicit 
bearing  information  to  the  threat  logic  seems  to  accomplish  little. 
Data  shown  by  Holt  and  Marner^)  indicate  that  the  use  of  bearing 
information  in  the  threat  logic  would  reduce  the  alarm  rate  by 
less  than  5#  at  the  average  relative  speed  of  192  knots. 

If  both  the  protected  aircraft  and  the  intruder  are  on 

constant  speed  linear  courses,  then  the  time  to  collision  is 

•  • 

given  by  -  R/R.  Thus  we  would  let  R~s  -  rt  as  the  boundary  of  the 

alarm  region  if  we  needed  a  warning  time  T  and  if  we  did  not  have 

to  worry  about  acceleration*  However,  to  protect  against  possible 

acceleration  we  will  add  an  extra  range  Ra  to  this  alarm  region. 

Acceleration  along  the  flight  path  is  negligible  compared  to 

lateral  acceleration  in  a  turn;  consequently,  the  worst  case  is 

the  one  mentioned  in  Appendix  Ai  both  aircraft  on  parallel  paths 

a  distant  5  slightly  greater  than  Rtt  apart,  both  with  the  same 

* 

velocity  v,  so  that  H  s  0.  If  both  aircraft  turn  towards  eaoh 
other  simultaneously,  then  they  will  collide  in  T  seconds,  where 

oos(aT/v)  si-  Rfia/2v2.  (B  -  5) 

If  v  is  sufficiently  large  so  that  aT/v  <  1,  we  can  approximate 
coax  by  1  -  x2/2,  where  x  »  aT/v,  which  leads  to 
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Ra  s  aT2,  (B  -  6) 

which  ia  the  distance  which  wa  need  to  get  a  warning  time  T  if 
the  maximum  acceleration  ia  a*  For  a  *  16  ft./aec*2  and  T  8 
15  seconds  we  must  have  Ra  8  3600  feet*  The  boundary  of  the  alarm 
region  is  given  by  2q»(4)*  Thu«  the  threat  logic  is  similar  to 
that  of  the  CAS  TJ^-zor a,  but  the  values  of  the  parameters  are 
different* 

Similarly,  the  alarm  rate  Hpg  is  given  by  an  equation  of  the 

same  form  as  (A  -  7)  or  (A  »  8),  if  we  substitute  R_  for  R  and 

a  o 

T  for  • 
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Abstract 

Alarm  rates*  are  calculated  for  certain,  cooperative  FWI  systems  of  the 
type  in  which  range  ia  inferred  from  received  signal  strength.  The  role  of 
atmospheric  attenuation  is  investigated  in  particular)  a  microwave  FWI  (oper¬ 
ating  at  a  frequency  of  zero  attenuation)  and  a  millimeter  wave  FWI  (operating 
at  a  frequency  of  high  attenuation)  are  compared.  Propagation  at  infra-red 
falls  somewhere  between  these  two  depending  on  atmospheric  conditions.  To  get 
concrete  results  the  anticipated  alarm  rates  and  typical  warning  times  are 
calculated  for  air  carrier  flights  encountering  random  general  aviation  traffic 
in  terminal  environments)  these  rates  can  be  compared  directly  with  those  given 
in  Part  I  of  this  report  for  FWI  systems  capable  of  precise  range  measurement. 


*  Alarm  rate  as  used  in  this  report  is  defined  as  the  rate  of  encounters  with 
other  aircraft  which  cause  the  generation  of  alarms. 
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AC 

t 

air  carrier 

ATA  • 

t 

Air  Transport  Association  of  Amerioa 

CAS 

t 

collision  avoidance  system 

Fm 

m 

t 

a  function  related  to  Pn»  see  Bq.(B-2) 

GA 

t 

general  aviation 

G 

m 

t 

a  function  related  to  P  •  see  Eq.(B»3) 

IAS 

t 

indicated  aircraft  speed. 

k 

t 

(E0-Rp)/2TrTp 

m 

i 

l°SiO® 

M  t  total  number  of  axpeoted  alarms  during  a  flight  of  800  seconds 

in  a  typical  terminal  area. 

n  i  density  of  GA  intruders  with  a  particular  speed,  in  number  of 

aircraft  per  square  nautical  mile. 

nQ  t  total  density  of  GA  intruders,  all  speeds, 

N  t  alarm  rate 

p(u)  t  probability  density  function  for  signal  strength. 

Pl(vi)  *  "  "  ”  "  AC  speeds. 

p^Cv^)  *  w  "  M  M  QA.  speeds. 

Pj  t  probability  of  not  detecting  an  intruder  in  the  range  interval, 

Eq.(JU4). 

Pfa  t  probability  of  false  alarm. 

Pn  t  probability  of  not  obtaining  two  oonseoutive  successes  in  n  trials, 

Appendix  B» 

PWI  t  pilot  warning  instrument. 

PWT-3  t  PWI  which  uses  range  data  only,  Reference  1. 
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P57L-8  t  PVTI  which  U3ea  range,  rang©  rate,  and  bearing  data,  Reference  1. 

p(w)  s  emulative  probability  that  an  intruder  will  be  deteoted  at  least 

once  during  a  fli$it  passing  the  protected  aircraft,  if  the  distance 
of  oloaest  approach  is  v,  and  all  aircraft  are  on  linear  courses. 

Pp(R)  t  probability  that  detection  will  occur  first  at  range  R. 

Pq(R)  t  probability  of  failure  to  detect  the  intruder  by  the  time  he  has 

reached  range  R,  aircraft  on  collision  course. 

P^fi)  »  1-P0(R) 

P1(R)  t  P1(R)  averaged  over  tlie  signal  strength  distribution. 

Q  t  Marcum' s  ft- function,  References  2  and  J. 

r  t  projection  of  range  to  intruder  on  the  relative  velocity  vector, 

see  Figure  12. 

r  t  maximum  value  of  r,  analogous  to  Rq. 

R  t  range  to  intruder 

XU 

Rj  t  range  to  the  center  of  the  range  interval,  if  the  entire 

fli^it  path  is  divided  into  range  intervals  of  length  a.  R  a  2vrT  . 

P 

Rq  t  maximum  value  of  range  from  which  one  obtains  a  significant  con¬ 

tribution  to  the  emulative  probability  of  detection. 

.  Rp  t  mean  range  of  first  detection  for  a  constant  signal  level. 

Rp  t  a  design  parameter  for  the  PWIj  the  range  at  which  we  require 

that  the  emulative  probability  of  detection  should  equal  95#  for 
the  worst  case  of  head-on  approach  at  maximum  speeds. 

3  s  signal  power  received  from  any  range. 

S0  t  signal  power  from  range  Rp  at  the  peak  of  the  probability  density. 

S/N  t  signal-to- noise  ratio  in  general. 

S0/N  1  ”  "  "  a*  PeLic  of  tke  signal  strength  diotribution 

reoeived  from  range  R_. 
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j  typical  length  of  time  spent  in  the  terminal  area  by  Ac  aircraft 
during  descent^  assumed  to  be  800  seconds* 
t  true  aircraft  speed. 

t  minimum  warning  time  needed  in  a  PWI  system)  assumed  to  be  15 
seconds* 

t  time  interval  between  reception  of  pulses $  the  reciprocal  of  pulse 
rate* 

t  mean  warning  time  for  a  constant  signal  level  and  any  relative 
velocity. 

«  !L  at  the  average  relative  velooity)  averaged  over  the  signal 
strength  distribution* 
t  10  Io^qS/Sq,  where  3  is  evaluated  at  Rp. 
t  Toheby8oheff  polynomial, 
t  relative  velooity  magnitude* 
t  AC  aircraft  speed, 
t  GA  aircraft  speed. 

•  yv 

t  distance  of  closest  approaoh  during  linear  flights)  aircraft  not 

on  a  collision  course)  see  Figure  12. 

i  maximum  value  of  w,  analogous  to  RQ» 

I  normal  or  Gaussian  probability  density  function. 

t  atmospheric  attenuation  coefficient. 

t  range  interval  2v_T  . 

r  p 

t  combination  of  parameters  defined  by  Eq.(JKi). 

I  relative  heading. 

I  defined  by  Eq.(D»15)* 
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t  standard  deviation  for  u  >©,  see  0q.(i). 

<rm  *  «  »  «  u  <©,«•« 

^  *  time  parameter  used  in  the  CAS  T^-zcne  threat  logic,  see  Reference  1. 

§  *  probability  that  the  warning  time  will  be  less  than  *  3  15  aeconds. 

t  probability  that  vr  will  be  less  than  V. 
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I.  INTRODUCTION 

PWI  alarm  rates,  althou^i  quantitative,  do  not  fully  reflect  the  relative 
merits  of  various  3ystaas  because  the  effective  utilization  of  the  information 
given  to  the  pilot  by  the  PWI  will  depend  not  only  on  the  number  but  the  nature 
of  the  alarms.  Is  the  target  visible?  Does  it  appear  to  the  pilot  to  be  a 
threat  or  a  potential  threat?  Does  the  pilot  consider  the  alarm  premature?  Etc, 
Such  questions  will  be  answered  in  the  forthcoming  simulation  program.  The 
alarm  rates,  however,  may  be  indicative  of  the  relative  performance* ** of  PI7I 
systems,  and  the  mathematical  tools  needed  to  calculate  alarm  rate-  ^  required 
anyway  to  oariy  out  the  simulation  experiments.  For  these  reasons  the  present 
report  and  its  companion  (Reference  1.)  *  have  been  prepared. 

In  Reference  1  we  investigated  the  more  sophisticated  PWI  systems  (those 
in  which  a  precise  range  measurement  is  made),  and  we  oompared  the  alarm  rates 
and  warning  times  with  those  of  the  ATA  CAS.  In  this  report  we  consider  l.ess 
sophisticated  PWI  systems  in  which  range  is  not  meas.ured  directly  but  the  possi¬ 
bility  of  a  threat  is  inferred  from  the  received  signal  level  which,  on  the  average, : 
falls  off  with  the  range  between  tire  transmitters  and  receivers.  In  these  systems 
an  alarm  is  gLven  when  the  received  signal  level  exceeds  some  preset  or  pilot 
adjusted  threshold  value  one  or  more  times  (altitude  filtering  may  also  be  used). 
Systems  of  this  type  are  attractive  beoause  of  the  potential  simplicity  of  the 
minimum  equipment  for  light  aircraft,  but  their  practicality  has  been  doubted 
because  of  anticipated  high  rate  of  unnecessary  alarms. 

Die  probability  of  detection  is  not  only  a  function  of  the  range  to  the 
intruder  but  also  of  signal  strength,  and  the  latter  may  change  due  to  fluctuations 

*  References  appear  on  p.  24  , 

**  "Pexiomonce  of  o  PWI  system"  is  U3ed  in  the  restricted  sense  of  alarms  genfr. 
retedf  tioxlts  of  various  systems"  is  intended  to  includo  deoendence  on  huaan 
factors. 
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in  the  antenna  pattern,  multipath  effects,  changes  in  power  output,  etc.  is 

described,  in  the  next  section,  we  have  assumed  some  particular  probability 

distributions  for  the  signal  strength,  and  for  each  distribution  we  require 

that  ‘the  cumulative  probability  of  detection  equal  95$  at  some  range  Rp  for 

the  worst  oase  of  head-on  approach  ty  two  aircraft  at  the  maximum  legal  terminal 

area  speed  (250  knots  IiS,  291  knots  TAS).  We  then  calculate  the  expected 

number  of  alarms  in  a  typical  flight  in  a  terminal  area,  the  average  warning 

time,  and  the  probability  that  the  warning  time  will  be  less  than  15  seconds} 

the  latter  was  assumed  to  be  the  minimun  needed  warning  time  in  Reference  1. 

The  calculations  are  performed  for  microwaves,  for  which  signal  power  is  assumed 

to  decrease  as  l/R^,  where  R  is  the  range,  and  for  millimeter  waves,  for  which 

2 

in  addition  to  the  l/R  decrease  there  is  a  propagation  loss  due  to  atmospheric 
attenuation,  is  in  Reference  1,  the  protected  aircraft  is  assumed  to  be  located 
in  e  random  distribution  of  other  aircraft  with  a  uniform  density  and  random 
headings  in  the  horizontal  plane. 

The  next  two  sections  present  the  mathematical  model  in  more  detail} 
mathematical  derivations  are  given  in  appendices.  Tire  results  are  described 
in  Section  HI,  and  conclusions  are  presented  in  Section  IV. 
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II.  Kireat  Logic 

We  assume  that  the  PWI  equipment  receives  from  the  intruder  pulses  at 
time  intervals  I  ,  and  that  the  intruder  is  detected  (i.e.,  an  alaxsn  is  given 
to  the  pilot)  if  th8  receiver  outputs  exoeed  a  threshold  for  two  pulses  in 
succession.  For  the  numerical  calculations  we  chose  the  threshold  in  such  a 
way  that  the  probability  of  false  alann  equals  10“10  for  the  double  pulse,  or 
10“5  for  the  single  pulse.  For  a  constant  received  power  the  probability  that 
the  receiver  output  will  exceed  the  threshold  on  two  successive  pulses  ie  given 
by  the  square  of  Marcum’s  ^-functions'*  which  are  tabulated. ^ 

In  practice,  even  if  the  intruder  is  at  a  fixed  range,  the  reoeived  signal 
strength  S  will  vary  mainly  due  to  fluctuations  in  the  antenna  pattern,  but  also 
due  to  multipath  effects,  changes  in  power  output,  etc.  For  simplicity  we  assume 
that  the  sigial  received  from  a  constant  range  can  be  described  by  the  following 
asymmetrical  log-normal  probability  density  function  (p(u)du  is  the  probability 
that  u  has  a  value  between  u  and  u  4-  du)  t 
2Z(u/<T+  )/(CJ^<r  )  »  u>0  | 


p(u)  Z 


sz(u/  c r  )/( 0^4  <r  )  ,u<0| 


(i) 


where 


z(x)  z  (l/'teir  )<r**/z 


(2) 


and 


u  s  10  log^Q  3/Sq  ,  at  Up. 


(5) 


So  is  tlie  signal  strength  at  the  peak  of  the  probability  density  function! 
howovo",  due  to  the  asymmotiy  it  is  not  the  mean  signal  strength  (note  that  wo 

***  U3i%  ^  difforeut  3taaUard  deviation.  q;  sad  <T  for  signals  above  and 
below  3o),  Figure  1  shows  p(u)  va.  u  for  a)  <T^  a  2.5  db,  CT  S  5  db| 
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b)  s  5  db,  (T_  :  10  db. 

7/e  fix  the  value  of  Sq  (or  rather  the  signftl-to- noise  ratio  30/s)  as 
outlined  below  and  as  described  in  more  detail  in  Appendix  A.  For  the  worst 
case  of  head-on  approach  by  two  aircraft  at  the  maximum  legal  terminal  area 
speed  (250  knots  IAS,  291  knots  TAS)  we  require  that  the  cumulative  probability 
of  detection  should  equal  95$  ty  the  time  the  intruder  has  reached  the  range 
Rp»  if  we  average  over  the  aigoftl  density  in  Figure  1.  In  the  subsequent 
numerical  calculations  we  chose  two  values  of  Rpt  a)  1  n»mi.  *  6080  feet) 
b)  14,740  feet}  at  the  latter  range  15  seconds  ranain  to  collision  for  the  worst 
case* 

The  variation  of  the  signal  strength  with  range  R  is  assumed  to  be  given  by 

-Ob 

e 

where  a  is  the  attenuation  coefficient*  Htmerioal  calculations  were  performed 
fort  a)  microwaves,  co  3  Of  b)  millimeter  waves,  00  -  6.8  db/n+mi.,  a  typical 
value  for  oxygen  absorption  at  55  OHe.^  Ore  attenuation  coefficients  for  infra¬ 
red  radiation  fall  in  be  tween  those  for  microwaves  and  millimeter  wavosdj  con¬ 
sequently,  mmorioal  calculations  for  infi’ared  were  not  performed,  M 

Figures  3-9  ahow  the  probability  of  detection  (the  square  of  tire  Q-funotiou) 
vs.  range  for  the  two  signal  strength  distributional  l)  QT^  -  2*5  db  and 
0~_  -  5  db,  2)  <7^  -  5  db  and  OP  *  10  dbj  for  the  two  design  ranges* 
l)  Rp  -  6080  feet,  2)  Rp  *  14,740  feet}  and  for  the  two  types  of  radiation* 
l)  microwaves,  2)  millimeter  waves.  Figures  2-9  show  that  the  microwave  pffl 
will  detect  many  core  intruders  at  greater  ranges  than  the  millimoter  wave  F5I| 
tills  is  a  disadvantage  because  detection  at  great  ranges  needlessly  alarms  tko 
pilot.  For  example,  tho  5^*  poiat  on  the  SQ  +  20^  curve  in  Figure  5  for 
mioroeavea  is  at  540,000  feet,  while  in  Figure  9  for  millimeter  waves  it  i3  at 
54*000  feet,  a  ratio  of  10*1.  In  pxaotice  one  wreda  protection  out  to  about 

biH 


15,000feet,  see  Reference  1,  figure  if  however,  if  instead  of  using  a  precise 
range  gate  one  relies  on  the  natural  deoreaae  of  probability  of  detection  with 
ranee,  than,  to  insure  a  high  probability  of  detection  at  about  15,000feet, 
one  has  to  suffer  frequent  detection  beyond  this  range,  but  for  microwaves  due 

to  the  lack  of  atmospheric  attenuation  this  detection  extends  much  further  than 
for  millimeter  waves. 

Note  that  the  indicated  values  of  S^H  are  for  the  signal  received  at 
the  protected  aircraft  from  a  target  at  th*  range  jy  For  ^  SQCJ0  valus  ^ 

the  intruder  must  transmit  more  power  if  millimeter  waves  are  used,  since 
the  propagation  losses  are  much  higher  than  for  microwaves.  Hie  noise  figures 
of  receivers  are  also  somewhat  higher  at  millimeter  wave  frequencies  which 
increases  the  power  requirement  further. 
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III*  Mam  Rates  and  Warning  Times 

Table  I  presents  some  results  which  are  analogous  to  those  shown  in  Table  IV 
of  Reference  1  as  well  as  some  other  calculations  which  did  not  appear  in 
Reference  1  but  are  needed  here  because  of  the  statistical  nature  of  detection. 
The  table  shows  the  results  for  air  carrier  (Ac)  and  general  aviation  (GA) 
encounters  in  a  typical  terminal  area. for  the  same  two  signal  strength  distri¬ 
butions,  two  design  ranges,  and  two  types  of  radiation  (microwaves  and  milli¬ 
meter  waves)  as  those  illustrated  in.  Figures  jv-* 

We  define  the  average  warning  time  as  the  mean  range  of  first  detection 
averaged  over  the  signal  strength  distribution  and  divided  by  the  averege  rela¬ 
tive  velocity  as  explained  in  Appendix  D,  We  used  the  median  relative  velocity 
of  Table  II  in  Reference  1,  192  knots,  as  the  average  relative  velocity,  and  the 
pule#  rate  l/Tp  -  2/aec. 

We  also  calculate  the  probability  $  that  the  warning  tine  (the  range 
of  first  detection  divided  hy  the  relative  velocity)  My  be  less  than  15  seconds, 
as  described  in  Appendix  D.  The  cumulative  distribution  function  for  the  mag¬ 
nitude  of  the  relative  velocity  ie  obtained  from  data  presented  in  Reference  5 
for  a  typical  terminal  area  and  ia  shows  in  Figure  10. 

Bio  calculation  of  alarm  rates  is  explained  in  Appendix  c.  quantity 
11  shown  in  Table  I  is  tire  average  number  of  alarms  generated  at  an  AC  aircraft 
by  GA  intruders  during  a  flight  lasting  GOO  seconds  in  a  terminal  "sxsr.*  with 
radius  30  n«ni.  and  hoi  (jit  10,000  feet*  For  current  operations  we  assume  HJ 
Gt  aircraft  in  this  terminal  area,  and  for  future  operations  430  GA  aircraft. 

Sie  GA  aircrart  are  as3taoi  to  be  uniformly  distributed  between  altitudes  XOOQ 
foot  and  10,000  foot.  The  X9I  either  has  no  altitude  dice,  iaination  at  all,  or 
it  considers  threats  only  in  a  co-altitude  band  of  ±  QOa  feetj  a  for  both 
pesai oil! ties  ora  shown  in  Tohl#  X.  In  Reference  1  we  assumed  an  altitude 
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(Cable  I.  Ac/GA.  Sacountera  in  a  geaainai  Area 
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b.  Millimeter  waver 
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discrimination  of  t  800  feet. 

The  simpler  the  PS7I  equipnent  and  the  threat  logic,  the  more  unnecessary 
alarms  will  be  produoed.  Thus  the  number  of  alarms  for  the  most  sophisticated 
PWI,  the  FWI-8  in  Reference  1,  oan  serve  as  a  standard  of  comparison.  Current  M 
for  FWI-8  equal 3  o.6«  The  advantage  of  operating  at  a  frequenoy  of  high  atmos¬ 
pheric  attenuation  is  shown  by  comparing  millimeter  wave  systems  with  microwave 
systems  since  the  latter  produce  more  unnecessary  alarms.  Comparison  with  data 
presented  in  Table  17  of  Reference  1  shows  that  the  millimeter  wave  eystem  with 
Rp  a  6080  feet,  0"  "  2*5  db,  -  5  db,  and  altitude  discrimination  1600  feet, 
generates  even  fewer  alarms  than  the  CAS  *V^  -zona  or  ITO*5  in  Reference  If  how¬ 
ever,  this  millimeter  wavs  system  has  a  probability  of  5*4$  that  the  warning 
time  will  be  less  than  15  seconds}  the  same  probability  is  zero  (excluding  mal¬ 
functions)  for  the  more  sophisticated  systems  in  Reference  1. 

The  millimeter  wave  aystaa  with  Rp  *  14,740  feet,  CT^S  2.5  db,  <T  *  5  db, 
hay  a  low  probability  (0.001$)  that  the  warning  time  will  be  less  than  15  seconds. 
For  altitude  discrimination  of  1600  feet  it  generates  four  times  as  mapy  alaima 
as  the  most  sophisticated  FWI-8,  but  less  than  twice  as  many  as  FWI-3  or  the 
CAS  ^-::one.  An  intexmediate  choice  of  Rp  is  olearly  indioated. 

Note  that  some  entries  for  M  in  Table  1  exceed  the  assumed  number  of  air¬ 
craft  in  the  texminal  area.  This  occurs  because  detection  for  those  systems 
extends  beyond  the  assumed  30  n*mi.  radius  of  the  teiminal  area,  and  alaima  are 
generated  by  aircraft  beyond  this  radius  (for  the  purposes  of  the  calculation 
we  really  assvsne  a  continuous  distribution  of  GA  aircraft  over  the  whole  area 
covered  by  the  FWI  equipment). 


IV.  Censlusions 


This  analysis  shows  that  it  is  possible  in  principle  to  achieve  an  alarm 
rats  in  a  simple  PWI  system,  in  which  the  possibility  of  a  threat  is  inferred  fret? 
sign-1  strength,  which  is  only  slightly  hi^ier  than  that  of  a  system  which 
measures  range  precisely  if  advantage  is  taken  of  a  high  atmospheric  atten¬ 
uation  rate  to  accelerate  the  fall-off  of  signal  level  with  range.  Uhls  can  be 
done  at  the  expense  of  an  occasional  very  high  speed  encounter  in  which  there 
will  be  less  than  15  seconds  warning  time  and  at  the  expense  of  an  increased 
signal  level.  The  analysis  also  shows  that  systems  which  do  not  exploit  a  high 
atmospheric  attenuation  rate  will  have  very  high  relative  rates  of  alarm  if 
allowances  are  made  in  the  power  budget  for  adverse  antenna  patterns,  multipath 
propagation,  low  transmitter  power,  high  receiver  noiso  levels,  eto. 

The  probabilistic  analysis  given  is  suitable  for  application  to  the  prob¬ 
lem  of  appropriate  activation  of  displays  in  simulation  of  systems  of  this  type. 

In  the  absenoe  of  adequate  flight  test  data  it  was  necessary  to  approximate 
the  probability  density  function  of  received  signal- to->noise  ratio  by  assumed 
distributional  two  such  distributions  were  assumed  which  it  is  thought  will  cover 
the  range  to  be  found  in  practice.  It  is  important,  however,  to  get  actual 
fli^xt  measurements  on  which  to  base  new  calculations  or  simply  oonfiim  the 
validity  of  the  numerical  work  reported  here. 


Appendix  A,  emulative  Probability  of 
Detection^  Intruder  on  a  Collision  Course . 

We  assume  that  the  signal  strength,  variations  are  mainly  due  to  the 
fluctuations  in  the  antenna  pattern  as  a  function  of  bearing*  On  a  collision 
course  the  bearing  remains  constant,  therefore,  the  signal  strength  is  assumed 
to  remain  constant  during  a  particular  encounter.  We  will  obtain  the  cumula¬ 
tive  probability  of  detection  for  a  constant  signal  strength  as  the  intruder 
approaches  from  a  very  large  distance  ^  to  a  distance  Rp.  However,  since  the 
signal  strength  may  change  from  encounter  to  encounter  or  from  one  antenna  to 
another,  we  will  average  this  emulative  probability  of  detection  over  the  signal 
strength  distribution  shown  in  Figure  1,  and  we  will  use  this  average  to  determine 
the  signal  strength  by  requiring  that  this  average  cumulative  probability  of 
detection  equal  95$  at  Rp  for  the  case  of  head-on  approach  by  two  aircraft  at  the 
maximum  legal  terminal  area  speed  (250  knots  IAS,  291  knots  TASj  consequently, 
range  rate  is  502  knots). 

For  a  single  pulse,  the  probability  that  the  signal  will  exceed  a  threshold 
(determined  by  the  probability  of  false  alarm  *fa)  is  given  by^ 

p^s  Q  [  {w/* ,  \f  2.1n(l/|a  )'  ]  (JUl) 

shore  Q  is  a  tabulated  function?,  and  s/ll  is  the  signal- to-noise  ratio.  In 
general  at  some  range  R  we  let 

'I  2S/n'  8  {zsjx  *  «  (Rp/R^/^V  R)  (jU2) 

where  QC  is  the  attenuation  ooeffioient  $  S#  is  the  peak  in  the  sigMl  distribution 
shown  in  Figure  1,  received  from  the  range  Rp|  a  8  logj^ej 
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u  =  .10  log,n(S/S  ) 


R=  Hp 


(^*3) 


Note  that  S  in  Eq.  (JW3)  is  evaluated  at  Rpt  but  V  2S/N  in  Eq.  (A*2)  is 
evaluated  at  any  r,  while  SQ  is  always  evaluated  at  Rp« 

We  show  in  Appendix  B  that  the  cumulative  probability  of  detection  can 
be  obtained  approximately  as  follows*  let  the  intruder  appear  at  some  large 
range  R^,  and  let  the  distance  R^—  be  subdivided  into  k  subintervals  of 
length  AR  S  2vrTp,  where  vp  is  the  relative  velocity  (equal  to  range  rate 
for  a  collision  oourse)  and  Tp  is  the  time  interval  betweon  pulses.  Then 
A  R  "  Z^p  is  the  distance  traveled  by  the  intruder  and  the  protected  aircraft 
during  the  transmission  of  two  pulses.  The  probability  of  not  detecting  the 
intruder  at  all  by  the  time  he  has  reached  R^  we  denote  by  P0(Rp)»  then  the 
cumulative  probability  of  detection  ^(Rp)  is  given  ty  l-P0(Rp).  The  probability 

it 

of  not  detecting  in  the  j—  subinterval,, for  a  fixed  signal  strength,  i3  equal  to 
Pj=  1-Q2(Rj)  ,  (A-4) 


wiiere  for  simplicity  we  indicate  for  the  ^.function  only  the  dependence  on  range, 
and  Rj  -  Rq- j  a  R.  Furtheimore, 


P0(RP)  -  V*W"Pl*Po 


(A-5) 


whore  froa  our  definition  of  A R  and  k  we  have  s  Rp#  Moreover, 
r  .  k  1  k 

MVVr  J?  0luJb  *  A  a  %rQ  •  AR  (JU6) 

We  now  approximate  the  oxsn  ty  an  integral, 

^[l-Q^R)]  (A- 7) 

b 


<15 


as- 


where  we  also  replaced  p*  by  Eq.  (  4) •  ‘Then*  since  A  R  -  2vrTp  ?i  s  1-PQ> 
the  cumulative  probability  of  detection  ia  given  by 


PX(V  s  1-exp 


(A-3) 


In  practice  any  large  range  will  serve  a a  R& ;I  &3  long  as  Q2(R  )  <<  Q^(Rp), 
but  one  should  not  extend  RQ  to  infinity,  since  one  will  obtain  an  infinite 
number  of  false  alarms  in  the  infinite  time  interval  required  to  travel  that 
infinite  distance. 


The  average  emulative  probability  of  detection  P^  is  given  by 
.00 

top(u)B,(l  . 

P 


06/ 

\  (Rp)  =  [  du  p(u)  PX(R  ) 


(iW9) 
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idle  re  the  probability  density  function  p(u)  for  the  signal  strength  is  given  by 
Eq.(l).  P^Rp)  in  the  integrand  of  Eq.  (JU$)  is  a  function  of  u  because  Q2  ia  a 
function  of  v"23/^  see  Eq.  (A*l),  and  /"ii/N  in  turn  is  a  function  of  u, 
see  Eq.  (A»2). 

We  non  require  that  P^(Rp)  «  0»95  when  vy  ■  582  knots,  and  solve  for  S^/U. 

The  solution  was  obtained  numerically  ty  interpolation  for  pfa*  10-5,  25p  o  1  second, 
Rp  S  6080  and.  14,740  foot,  and  the  two  signal  strength  density  functions  shown  in 
Piguro  1*  'Iho  calculated  are  presented  in  Table  1. 
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Appendix  B.  Probability  of  Occurence  of 
Two  Consecutive  Successes. 


Consider  a  sequence  of  events,  where  an  event  may  be  the  reception  of  a 
pulse,  or  the  diming  of  a  ball  from  an  urn  containing  a  mixture  of  red  and  black 
balls,  etc.  We  wish  to  find  the  probability  that  in  a  sequence  of  n  events 
success  will  occur  at  least  twice  consecutively!  by  suocess  we  mean  that 
the  signal  strength  of  ike  pulse  will,  exoeed  a  threshold,  or  the  drawn  ball  will 
be  red,  etc. 

Let  Q  be  the  o  oust  ant  probability  of  success  during  any  one  of  the  events. 
Let  Pn  be  the  probability  of  not  obtaining  two  consecutive  successes  in  n  events, 
so  that  our  desired  probability  of  two  consecutive  successes  is  equal  to  1-P  . 

XI 

Pn  can  be  related  to  p*.i  and  a)  there  wa3  no  success  in  the 

n~  event,  then  it  does  not  matter  whether  the  sequence  of  a-1  previous  events 

ended  with  a  suocess  or  failure,  as  long  as  one  did  not  obtain  two  consecutive 

« 

pulses  during  those  n-1  events j  thus  one  of  the  teims  contained  in  P  is 

n 

(l-Qjp^f  b)  if  there  was  a  success  in  the  aft 

event,  then  there  must  have  been 

a  failure  in  the  event,  and  no  two  oonaeoutivo  pu) ses#durlng  the  previous 

u- 2  eventaj  thus  the  seoond  tens  contained  in  Pn  is  Q(l«Q)p^2,  and 


pn  s  (i-^Pn-i  +  Q(fc*Q)P*,2*  (B-l) 

In  particular,  for  tho  first  few  m 


P2  s  1-Q2 

p,  S  1.2a2  +  97 

5 


X»e.,  successes. 
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T^(x)  a  (2*)®  (-l)k[(5I^fel](2Kra6  (B-8) 

For  large  2x  the  dominant  tern  in  Eq.  (B-8)  is  the  first  term  in  the  summation. 

If  we  approximate  the  sum  by  the  first  tezm,  substitution  in  Eqs.  (S-2)  and 
(b»  3)  yields 

P  »  (l-Q2)®  (B-9) 

2a 

p2m  +  l^  (1“(l2)m‘  (WW> 

Bote  that  we  would  have  obtained  the  same  result  if  we  had  partitioned  our 
sequence  of  single  events  into  a  sequenoe  of  double  events  with  half  as  many 
tonus  and  a  probability  of  success  given  ly  Q2  for  the  doublo  event.  The 
difference  between  this  double  event  problem  and  the  actual  problem  is  that 
in  the  double  event  problem  the  sequence  "failure-auooessMsuccosa-f  allure**  is 
regarded  as  two  double  events,  neither  ene  yiel  ling  two  suooesaes,  while  in 
the  aotual  problem  the  above  sequence  does  yield  the  two  dosired  consecutive 
successes.  Figure  11  shows  the  exact  and  approximate  probability  for  six  events. 
The  approximation  is  a  conservative  underestimate  of  the  true  probability. 

In  the  above  discussion  we  have  assumed  that  Q  is  constant.  However,  in 
the  actual  situation  discussed  in  Appendix  A  the  Q- function  changes  with  range 
as  the  intruder  approaches .  Since  the  probability  of  detection  increases  from 
practically  s«a*>  to  almost  one  in  a  rather  narrow  range  (see  Figures  2-9),  only 
a  mail  rut. bar  of  pulses  will  contribute  to  the  cumulative  probability  of  detection, 
thus  thf.  results  shown  in  Figure  11  will  be  typical,  and  we  have  assuaed  that 
ths  above  conservative  approximation  can  be  used,  especially  because  we  are 
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mostly  interested  in  the  relative  performance  of  different  systsns,  and  we  use 
the  same  approximation  for  all  systems.  Since  the  approximation  is  an  underestimate* 
the  true  cumulative  probability  of  detection  will  exceed  95$  at  R^for  the  worst 
case. 
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Appendix  C*  Alain  Bates 

We  are  considering  Intruders  on  linear  paths  with  randan  headings  in  the 
horizontal  plane.  Let  us  select  all  the  intruders  with  a  particular  heading 
and  speed  so  that  the  protected  aircraft  Telocity  vector  and  the  velocity  vectors 
of  all  those  intruders  fona  the  same  relative  velocity  vector.  We  can  assume 
that  the  intruders  are  stationaiy  Mid  the  protected  aircraft  moves  with  the 
relative  velocity  v^.  Let  w  be  the  coordinate  normal  to  the  relative  velocity 
vector  and  in  the  horizontal  plane*  3ee  Pigure  12.  Let  P(w)  be  the  probability 
that  an  intruder  is  detected  at  least  once  during  a  long  time  interval  at  (where 
v  ♦  a  t  is  much  greater  than  a  range  at  which  the  probability  of  detection  is 
significant),  if  the  closest  distance  between  the  two  aircraft  at  any  time  is  w 
(this  happens  when  r  =  0  in  Figure  12).  A  sequent  of  length  dw  (between  w  and 
v  *  dw)  during  at  sweeps  out  an  area  dwv^*  a t.  Let  n  be  the  number  of  intruders 
per  unit  area  (with  this  particular  heading  and  speed).  Then  the  number  of  intru¬ 
ders  detected  during  at  on  this  strip  of  width  dw  will  be  ndwv  *&t»(w) .  The 
avorego  rate  of  detection  N  is  obtained  by  dividing  by  at  and  integrating  over  wt 
w 

S  a  2nvr  J  p(w)dwf  (0*1) 

o 

whore  wQ  is  the  maximum  range  of  do  taction,  analogous  to  IiQ  In  Appendix  A. 

To  obtain  P(w)  we  proceed  as  in  Appendix  A.  Rio  aaulativo  probabili  ,y  of 
detection  JP(w)  is  given  by  l-P^w),  where  F^(w)  is  the  probability  of  failing  to 
detect  at  aU.  P^{*)  is  given  by  an  equation  similar  to  £q.  (A-5),  but  the  product 
extends  over  intruder  positions  from  to  -i^,  efe**ro  r^  is  the  aaxinua  rwcoosdi- 
nate  for  detection,  analogous  to  R^  in  Appendix  A,  Furtheasore,  since  the  aircraft 

are  not  on  a  collision  course,,  relative  bearing  does  not  remain  constant.  Let  us 
assume  that  the  aignal  strength  fluctuations  due  to  the  fluctuations  in  the  antenna 
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pattern  occur  much  more  rapidly  than  changes  in  sigpml  strength  due  to  changes  in 
distance  as  the  protected  aircraft  proceeds  with  velocity  vy.  Then  we  must  in¬ 
tegrate  over  the  signal  strength  distribution  first,  and  then  sum  over  the  ranges 
as  in  Appendix  A,  yielding  approximately 

*  i  p  oo  ■% 

P(w)  a  1-exp  <  2vrT~  (  ndr  j  du  p(u)  ln(i-Q2)r  (&*2) 

1  -oo 

where  Q  depends  on  u  and  R  os  shown  in  Eqs.  (A-l)  and  (A-2),  and 

R:  {v2  +  r2,  (0.5) 

see  Figure  12. 

The  integrand  in  Eq.  (C-2)  is  such  that  we  could  interchange  the  integrations 
over  u  and  r,  i.e.B  we  could  perform  the  integration  over  a'  first,  and  still  obtain 
the  same  result*  This  means  that  our  assumption  above  that  antenna  pattern  fluc¬ 
tuations  yield  more  rapid  signal  strength  changes  than  changes  in  range  is  not  vital, 
the  opposite  assumption  would  give  the  same  result. 

Figures  15  and  14  «hovf  P{tr)  ve.  w  for  the  two  design  ranges,  two  signal 
strength  distributions,  and  two  types  of  radiation.  We  used  tho  modi  an  relative 
velocity  of  Table  II  in  Reference  1  in  these  calculations.  However,  ?{*)  is  not 
a  vexy  sensitive  function  of  vr,  see  Figure  15»  where  P(w)  for  v  <s  100,  (KX)  feet  is 

shown  vs.  2T  for  tho  ainjuaua,  median,  and  «a*imisa  relative  velocity  of  Table  II, 

P 

Reference  I*  Consequently,  to  obtain  H  (and  JT)  we  used  the  neiioa  v  a  192  knots 

3T 

instead  of  averaging  over  the  relative  velocity  distribution. 

If  we  compare  Figures  15  and  14,  obviously  the  microwave  systems  are  inferior 
to  the  millimeter  wave  aystaas,  since  detection  for  microwave  PSE  extends  needlessly 
far,  and,  therefore,  cany  unnecessary  alarms  arc  generated. 
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To  obtain  M,  the  number  of  alaraa  generated  ly  PA  aircraft  at  an  AC  aircraft 
during  a  fli^it  of  80  0  seconds  in  a  typical  terminal  area,  we  simplify  the  actual 
situation  by  assisting  that  in  the  typical  encounter  we  always  obtain  the  median 
y— *  192  knots,  since  a)  P(w)  does  not  depend  very  much  on  vr,  see  Figure  15,  and 
b)  we  are  mainly  interested  in  relative  numbers  to  compare  different  systems,  and 
the  relative  results  are  not  very  much  affected  by  such  simplifying  aasunptions. 

We  are  also  ignoring  any  corrections  to  range  due  to  altitude  differences,  because 
most  detection  ranges  exceed  greatly  the  possible  altitude  differences;  i.e.,  for 
a  fixed  limit  to  detection,  the  volune  containing  detected  intruders  would  be  a  part 
of  a  sphere  with  the  protected  aircraft  at  thy  center,  and  the  GA  intruders  con¬ 
tained  in  the  slice  from  1000  to  10,000  feet  altitude,  and  we  are  replacing  the 
curved  boundary  of  the  sphere  by  the  straight  boundary  of  a  oylinder. 

Then 

we 

M  Si  (N/n)n0t0  S  2noVrt0  \  dwP(w),  (c-4) 

0 

# 

where  t  2  800  seconds,  and  Hq  2  0.G2?0  per  (n.mi.)2  'or  future  operations, 

2  * 

n0  2  0.J0656  per  (u.mi.)  for  current  operations,  being  the  total  equivalent 
area  density  of  intruders  for  all  speeds,  sane  as  in  Reference  1.  Ify  "equivalent 
.  area  density"  we  mean  the  following*  the  actual  aircraft  are  distributed  at  random 
over  the  whole  •volrne  of  terminal  airspace;  if  we  pick  an  area  in  the  horizontal 
plane  of  one  (tumi,)2  and  calculate  the  amber  of  aircraft  in  a  cylinder  above  and 
below  this  area,  then  this  amber  is 

?02?  intruders  within  an  altitude  layer  of  ±800  feet;  when  there  is  no  altitude 
discrimination',  we  assme  that  the  area  density  is  increased  bjr  the  ratio  of 
layer  thicknesses  (10, 000-1000) /l600. 
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Appendix  D,  Warring  Times 

We  are  interested  in  two  quantltiost  a)  the  average  earning  time 
h)  tiie  probability  that  the  warning  time  may  ba  less  than,  15  seconds,  which 
in  Reference  1  was  assumed  to  be  the  minimum  warning  time  required* 

In  Appendix  A  we  defined  pj  to  be  the  probability  of  failure  to  detect 
the  intruder  in  the  range  interval ,  see  Eq,  (A-4).  ?0(R^)  is  the  cumulative 
pixsbabLlity  of  failure  to  detect  as  the  intruder  approaches  from  some  great 
range  R0  to  the  range  i\j  •  'Shsn  the  piobabili  ty  of  detecting  the  intruder  first 
in  the  aS  range  interval  is  equal  to 

V  V  - 

*  (1-Pn)P»-l'Pn-2’"Prpo  (“-li 

and 

r  —  n-1 

in  [pp(Rn)/(l-pn)]  s  •  (ft«2) 

Again  we  approximate  the  sum  by  an  integral,  consequently, 

W  »  q2(r»)9XP[^  i^4R  1x1  C  ^<R>]  }  (a-5) 

Then  for  a  particular  value  of  signal  strength  in  the  distribution  shown  in  Figure  1 
the  expected  valuo  of  tne  warning  time  when  the  two  aircraft  axe  on  a  collision 
course  i3  given  ty 

V  £  <VVpA>/2  tf(\)  (a- 4) 

where  for  a  collision  course  the  range  rate  is  given  ty  vr  (the  relative  velocity), 
and  the  sums  extend  over  all  ranges.  We  again  approximate  the  suns  ty  integrals, 
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rR°dH3P„(fi)  /  fR°dR  Pp(B), 

>  o  J  o 


(S-5) 


The  average  warning  time  is  obtained  by  averaging  over  the  signal  strength 
distribution, 

03 

*_  -  !  it  p(u)T  *  (Uu6) 


-  so 


w 


For  the  numerical  calculations  presented  in  Table  I  we  let  S  192  knots, 
the  median  relative  velocity  of  Table  II  in  Reference  1*. 

Hots  that  Eq.  (B*5)  could  be  written  as 


V  V’ 


(M) 


where  R^  would  bo  the  ratio  of  the  two  integrals,  and  physically  R^  would  be  the 
expected  range  of  first  detection  for  a  parti oular  signal  strength* 

Let  us  now  consider  the  probability  that  the  warning  time  may  be  less  than 
\  S  ^  9econd3*  ®ay  happen  because  for  any  signal  level  there  is  a  non¬ 

vanishing  probability  that  the  range  of  first  detection  will  be  less  than  v  T  . 

r  m 

Consequently,  we  have  to  consideri  a)  the  probability  density  funotion  for  range 
of  first  detection  for  a  fixed  signal  strengthj  b)  the  signal  strength  distil- 
butionj  0)  the  relative  velocity  distribution* 

Let  us  study  the  probability  density  funotion  for  the  range  of  first  detection 
at  a  fixed  signal  strength.  If  one  examines  Eq.  (0.3)  and  the  manner  in  which 
the  Q  funotion  depends  on  Rp  and  S^/lJ  (see  Eqs.  (A»i)  and  (A**2)),  it  becomes  obvious 
that  for  the  same  type  of  radiation  (miorowaves  or  millimeter  waves)  one  will 
obtain  the  same  if  the  combinations  of  parameters 


^  =  { 23y /&  e 


(l/2)ot  Hn 


(IVS) 
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roc’ 

^  h  =  sr^  (a*9) 

havb  the  same  value,  e.g.,  one  can  increase  s/  28^/n  and  decrease  so  as  to 
keep  ^  constant,  and  obtain  a  constant  Pp.  For  example,  for  millimeter  waves 
H  =  106  feet  may  be  regarded  as*  a)  S^/l  +  15.1  db  for  Rp*6080  feet,  CT^s  2.5  db,1 
ffl  3  54b,  So/H  s  21.4  dbf  b)  3^/K  t  4»3  4b  for  Rp  a  6080  feet,  54b, 

CT  s  10  db,  Sq/jI  =  30.2  dbf  0)  S^S  -  3.9  db  for  Rp  a  14,  740  feet,  CT  «  2.5  db, 

CT,  S  5db,  5^/u  s  21.0  ibf  and  d)  S^H  »  12.6  db  for  Rp  a  14,740  feet,  <Tj_  a  5db, 
r  3  10  db,  Sq/n  S  29.7  4b.  Figure  16  shows  the  probability  Pp(R)  of  detecting 
at  range  R  first  fox  n  typical  case  of  10^  feet  and  tRs  324  feet  (which 
corresponds  to  vr  s  192  knots  and  tl*  «  l/2  second).  Note  that  95#  of  the  first 
detections  occur  within  less  than  tlO#  of  the  mean  range  R^.  Consequently,  we 
simplified  our  calculations  by  assuming  that  for  a  fixed  signal  strength  all  first 
detections  ocour  at  the  mean  range  Rp. 

We  now  have  to  consider  the  effects  of  the  signal  strength  distribution  and 

the  relative  velocity  distribution  on  the  warning  time  ?v.  For  a  particular  R^ 

(corresponding  to  some  particular  aigial  strength)  we  oan  find  the  relative 

velocity  V  which  will  give  just  15  seconds  waning,  and  tnen  obtain  from  Figure  10 

the  cumulative  probability  3-  §  (V)  that  the  relative  velocity  will  exoeed  this 

r 

V  3  IL/T  .  If  we  integrate  1-  (V)  over  the  aigxal  strength,  we  obtain  the 

desired  probability  §  that  the  warning  time  will  be  less  then  \  3  15  seconds, 

00 

$  s  J  dn  p(u)  [  1-  $  (V)]  .  (D  ;o) 

-co  r 

Of  course,  for  some  signal  strength#  Rp  will  be  30  large  taat  the  required  velo¬ 
city  V  will  not  occur,  i.e.,  1-  <E>  (V)  a  0. 

vr 
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Eq.  (D-XO)  w&3  evaluated  by  the  use  of  mraeiioal  methods.  One  as  to  go 
trough  the  intermediate  calculation  of  Bp  frost  Sqs.  (n»7)  and  (D-5)  to  find  the 
relative  velocity  V  8  Rp/lm  for  each  partioular  u  in  the  integrand  of  Eq.  (D»10)« 
Figure  10  was  computed  numerically  frost  fee  data  for  Ac  and  GA  aircraft 
speeds  in  a  typical  terminal  area5,  taking  into  account  the  random  distribution 
of  relative  headings.  Let  ^  be  the  speed  of  fee  AC,  v2  fee  speed  of  the  GA  airw 
craft.  Let  the  relative  heading  be  6,  then  the  relative  velocity  is  gLven  ty 


T?'2ti 


VgOOS  0 


* 


(D»ll) 


see  Eq.  (A»2)  and  Figure  2  in  Reference  1. 

Let  p^(v^)dv^  #  i  s  l  or  2,  be  fee  probability  that  v^  will  have  a  value 
between  ▼1  tod  vi  +  dvi.  The  probability  feat  6  will  have  a  value  between  0  and 
©  +  d©  is  d0/2lT  .  Than 

"  f  5  I  P1  (v1)p2(v2)dv1dT2d© /21T  (W2) 


where  fee  integration  is  performed  over  those  values  of  vv  v2,  and  0  which  yield 
vr>  V,  If  we  substitute  V  for  Yr  in  Bj.  (&.11),  wo  oan  solve  for  fee  limiting 
which  VT  for  a  speoifio  v^  tod  v2» 


coa  0  Z 


Of 


(V2-v^v2)/2vlv2. 


ta.13) 


oouro.,f.r  HOI.  ^  Md  n  obt*n  Tf>  V  for  all  msgles  0,  la 

-““M  let  et  SV  .  Be  oea  then  perfom  th.  lntagrotlon  over  6  la  B,.  (u_la) , 
which  yields  9 

l-$Tj(V)  S  fd»!  J  d»s  (  et/ff  JpjtTjJpjtTj)  (tt.14) 


*r>  V 


tte  **  Integra tions  in  Bq,  (M4)  wens  performed  nwerlcally, 
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